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ESTUARIES 


Introduction 


Estuaries  arc  significant  to  human  welfare  through  their  role  in  transportation, 
production  of  food,  waste  disposal,  and  various  recreational  pursuits.  Many  of  the 
world’s  largest  metropolitan  areas  have  developed  near  estuaries  and  these  waters 
have  liecome  adversely  affected  by  human  activities.  Important  fisheries  may  exist 
in  estuarine  and  inshore  waters  as  a  result  of  generally  high  biological  productivity 
and  there  is  clear  evidence  that  the  influence  of  estuaries  may  extend  well  into  ocean 
basins.  Detailed  information  concerning  such  matters  as  estuarine  circulation  pat¬ 
terns,  rates  of  exchange  of  materials  with  coastal  and  marine  waters,  and  the  ecology 
of  estuarine  organisms  will  afford  opportunity  for  realistic  and  essential  management 
of  estuaries  in  the  future. 

The  development  of  coastal  areas  has  been  very  rapid  in  recent  years,  but  knowl¬ 
edge  of  estuarine  environments  has  not! :  kept  pace  with  the  necessity  to  resolve 
problems  arising  from  their  intensive  use--  Need  for  a  more  comprehensive  under¬ 
standing  of  estuaries  and  their  surroundings  and  the  lack  of  an  adequate  means  to 
exchange  information  concerning  estuarine  research  stimulated  the  organization  of 
the  Conference  on  Estuaries,  held  at  Jekyll  Island,  Georgia,  from  March  31  to 
April  3,  1964.  The  objectives  were  to  provide  an  opportunity  for  the  exchange  of 
ideas  between  the  various  disciplines  and  individuals  interested  in  estuarine  research, 
to  summarize  the  present  knowledge  of  the  natural  characteristics  of  estuaries,  and 
to  delineate  the  direction  of  current  research  efforts.  • 

The  Sapelo  Island  Research  Foundation,  Inc.,  through  funds  provided  by  the  late 
Richard  J.  Reynolds,  Jr.,  supported  initial  planning  for  the  Conference.  Sponsors 
also  included  the  University  of  Georgia  Marine  Institute ;  the  U.S.  Bureau  of  Com¬ 
mercial  Fisheries  Biological  Laboratory,  Brunswick,  Georgia ;  the  Atlantic  Estuarine 
Research  Society ;  and  the  American  Society  of  Limnology  and  Oceanography,  Inc. 
The  U.S.  Atomic  Energy  Commission,  the  U.S.  National  Science  Foundation,  the 
U.S.  Office  of  Naval  Research,  and  the  Sport  Fishing  Institute  supplied  financial 
support.  William  W.  Anderson,  James  H  Carpenter,  John  D.  Costlow,  Vernon  J. 
Henry,  and  Bernard  C.  Patten  assisted  me  in  organizing  the  Conference  program 
and  in  selecting  participants.  The  session  chairmen  and  participants  contributed 
greatly  to  its  success  and  Barhara  Salter  and  Nadine  Watson  were  most  helpful. 

This  book  is  an  outcome  of  the  Conference  The  subject  matter  is  broad,  and 
includes  aspects  of  biology,  chemistry,  geography,  geology,  and  physics.  There  is 
as  yet  no  name  like  oceanography  or  limnology  for  estuarine  research  and  its  future 
strength  lies,  perhaps,  in  the  diversity  of  disciplines  which  can  contribute  to  it 
without  the  hindrance  of  established  patterns  and  procedures. 

The  sequence  of  the  papers  is,  for  me,  a  logical  one,  though  others  might  have 
arranged  them  differently.  The  term,  estuary,  has  been  defined  numerous  times 
beyond  the  initial  chapter,  as  authors  sought  to  establish  a  frame  of  reference  for 
their  presentations;  other  areas  of  overlap  could  not  be  completely  avoided.  But 
readers  will  not  necessarily  read  the  papers  in  sequence,  and  I  hope  that  each  paper 
can  stand  by  itself.  The  Supplemental  Bibliography  includes  pertinent  papers 
published  since  the  Conference  and  earlier  ones  not  cited  in  the  text. 
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INTRODUCTION 


I  am  particularly  grateful  to  the  American  Association  for  the  Advancement  of 
Science,  who  by  publishing  this  book  have  made  it  available  to  a  far  wider  audience 
thai  it  might  have  had.  The  Association’s  recognition  of  the  multidisciplinary  scope 
of  estuarine  research  and  the  value  of  gathering  the  accumulated  knowledge  of  the 
subject  into  one  volume  is  heartening  to  workers  in  the  field. 

Bernard  C.  Patten,  William  W.  Anderson,  and  other  members  of  the  program 
committee  of  the  Conference  reviewed  the  manuscripts.  Jack  W.  Gehringer,  Peter 
A.  Hyypio,  James  W.  McGary,  and  Don  L.  McGregor  assisted  in  resolving  editorial 
questions.  Marion  Blevins  and  Eleanor  McAllister  were  most  helpful  in  preparing 
and  indexing  the  papers.  I  am  especially  grateful  to  Dolores  Johnson  for  her  dedi¬ 
cation  to  ail  manner  of  clerical  and  editorial  chores.  Estuaries,  however,  might  still 
be  little  more  than  a  large  number  of  manuscripts  except  for  the  cooperation  and 
skillful  work  of  Horace  D.  Porter,  who,  with  the  help  of  his  wife,  Mary,  produced 
this  took.  It  is  with  heartfelt  thanks  that  I  acknowledge  their  contribution  to  this 
volume. 
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W.  K.  Kellogg  Biological  Station 
Michigan  State  University 
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What  is  an  Estuary:  Physical  Viewpoint 


DONALD  W.  PRITCHARD 

Chesapeake  Bay  Institute,  The  Johns  Hopkins  University,  Baltimore,  Maryland 


The  problem  of  defining  an  estuary  and  delineating 
the  area  of  estuarine  oceanography  has  concerned  me 
since  I  first  started  to  study  these  bodies  of  water 
fifteen  years  ago.  It  is  difficult  to  develop  a  definition 
that  will  include  all  the  bodies  of  water  one  wishes  to 
talk  about  and  exclude  all  the  otl  ers. 

Historically,  the  term  estuary  has  been  applied  pri¬ 
marily  to  the  lower  tidal  reaches  of  a  river.  A  review 
of  some  of  the  dictionary  definitions  is  appropriate  as 
a  starting  point.  The  Concise  Oxford  Dictionary 
gives,  simply :  “Tidal  mouth  of  a  large  river.”  Web¬ 
ster's  New  20th  Century  Dictionary  states:  “An  arm 
of  the  sea ;  a  frith  or  firth ;  a  narrow  passage,  or  the 
mouth  of  a  river  or  lake,  where  the  tide  meets  the 
current.”  Webster’s  New  International  Dictionary 
has :  “1  (a)  A  passage,  as  the  mouth  of  a  river  or  lake 
wheie  the  tide  meets  the  river  current;  more  com¬ 
monly,  an  arm  of  the  sea  at  the  lower  end  of  a  river ; 
a  firth,  (b)  In  physical  geography,  a  drowned  river 
mouth,  caused  by  the  sinking  of  land  near  the  coast.” 

The  French  dictionary,  Larousse.  brings  in  a  some¬ 
what  different  concept,  giving  as  a  definition  of  an 
estuary :  “Sinuosite  du  littoral,  qui  n’est  couverte 
d'eau  qua  maree  haute.  Golfe  forme  par  I'embouchure 
d’un  fleuve.”  (“A  coast!, ne  bight  which  is  covered 
with  water  only  at  high  tide.  A  gulf  formed  by  the 
mouth  of  a  river.")  The  second  sentence  refers  to  a 
drowned  river  mouth.  However,  the  first  part  of  this 
definition  seems  peculiar  to  the  French.  It  describes, 
for  example,  the  region  near  Mont  St.  Michel  where 
a  curving  region  of  the  coast  is  covered  at  high  tide 
and  bare  at  low  tide.  This  area  cannot  be  described 
as  a  coastal  embayment,  and  there  is  no  dilution  of  sea 
water — features  which  are  important  in  defining  an 
estuary. 

From  a  physical  standpoint,  the  definition  of  an 
estuary  should  recognize  certain  basic  similarities  in 
the  distribution  of  salinity  and  density,  as  well  as  the 
circulation  pattern  and  the  mixing  processes ;  it  should 
point  out  also  the  importance  of  the  boundaries  which 
control  the  distribution  of  properties  and  the  move¬ 
ment  and  mixing  of  waters. 

A  DEFINITION 

Taking  these  features  into  account.  I  have  defines! 
an  estuary  as  follows:  An  estuary  is  a  semt-ene'osed 
coastal  body  oj  water  which  has  a  free  conmrtion 
with  the  open  sea  and  within  which  sea  water  u 
measurably  diluted  with  fresh  water  dem-ed  fi  •>« 
land  drainage. 


First,  consider  the  requirement  that  an  estuary  be 
“a  semi-enclosed  coastal  body  of  water”.  The  circula¬ 
tion  pattern  in  an  estuary  is  influenced  to  a  consider¬ 
able  degree  by  its  lateral  boundaries.  This  control 
of  the  water  movements  by  the  lateral  boundaries  is 
an  important  feature  of  an  estuary  and  should  be  taken 
into  account  in  the  definition. 

Further,  the  definition  states  that  the  estuary  is  a 
coastal  feature  and  hence  limits  to  some  extent  the 
size  of  the  bodies  of  water  under  consideration.  The 
intent  here  is  that  the  estuary  be  a  part  of  the  coast 
and  not  form  the  coast.  Admittedly,  the  application  of 
this  restriction  involves  somewhat  arbitrary  decisions. 
By  this  part  of  my  definition  I  would  exclude  the 
Baltic  Sea,  the  adjacent  Gulf  of  Bothnia,  and  the  Gulf 
of  Finland  from  being  designated  as  estuaries,  de¬ 
spite  other  similarities.  To  me,  the  Baltic  Sea  and  the 
adjacent  Gulf  of  Bothnia  and  Gulf  of  Finland  form 
the  coastline  rather  than  being  a  feature  of  the  coast¬ 
line.  The  physical  significance  of  this  restriction  is 
that  the  lateral  boundaries  of  such  relatively  large 
bodies  of  water  are  less  important  to  the  kinematics 
and  dynamics  of  water  movement  than  they  are  in  a 
true  estuary. 

The  next  requirement  of  the  definition,  that  of  “a 
free  connection  with  the  open  sea”,  is  included  to  in¬ 
dicate  that  communication  between  the  ocean  and  the 
estuary  must  be  adequate  to  transmit  tidal  energy  and 
sea  salts.  The  free  connect  ion  must  allow  an  essen¬ 
tially  continuous  exchange  of  water  between  the  estu¬ 
ary  and  the  ocean.  Again,  it  must  be  admitted  that 
the  definition  does  not  perfectly  delimit  the  character 
of  the  connection  between  the  ocean  and  the  coastal 
indenture  required  for  the  body  of  water  to  be  class<~i 
as  an  estuary.  In  the  great  majority  of  cases,  however, 
there  should  be  no  problem  in  concluding  whether 
the  connection  is,  in  fact.  "free”. 

Bar-built  estuaries,  as  a  class,  come  closest  to  the 
borderline  of  the  definition  with  regard  to  free  con¬ 
nection  with  the  open  sea ;  Pamlico  Sound  is  an  ex¬ 
ample.  Normally  the  width  of  the  inlet  to  such  em- 
hayments  is  small  compared  to  the  horizontal  dimen¬ 
sions  of  the  estuary  If  the  inlet  allows  free  passage 
of  the  ebb  ami  flixxJ  flow*  at  all  stages  of  the  tide, 
however,  then  the  connection  should  be  considered 
adequate.  If  the  barrier  har  has  no  fully  open  inl.t 
at  all  stages  of  the  tide,  with  water  passages  bet*.*«.n 
the  embayment  and  the  ocean  occurring  through  a 
shallow  depression  in  the  harrier  beach  only  at  high 
tide,  then  the  connection  is  not  adequate  from  the 
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standpoint  of  this  definition.  Such  embayments  are 
often  referred  to  as  lagoons,  although  this  term  also 
has  other  connotations. 

We  come  finally  to  the  phrase  in  the  definition  re¬ 
quiring  that,  within  the  estuary,  sea  water  be  "meas¬ 
urably  diluted  with  fresh  water  derived  from  land 
drainage”.  This  dilution  of  sea  water  provides  the 
density  gradients  which  drive  the  characteristic  es¬ 
tuarine  circulation  patterns.  In  an  early  attempt  to 
define  an  estuary,  I  did  not  include  this  feature  in  the 
primary  definition.  Instead,  I  considered  three  sub¬ 
groups  of  embayments  under  the  general  definition  of 
an  estuary.  I  then  called  "positive  estuaries”  those 
semi-enclosed  coastal  bodies  of  water  having  a  free 
connection  with  the  open  sea,  within  which  runoff  plus 
direct  precipitation  exceeds  evaporation,  and  hence 
within  which  sea  water  is  diluted  by  fresh  water.  I 
called  the  embayment  an  “inverse  estuary”  if  evapo¬ 
ration  exceeds  runoff  plus  precipitation,  since  the 
characteristic  circulation  pattern  in  such  a  hypersaline 
body  is  inverse  to  that  found  in  a  positive  estuary. 
For  those  embayments  in  which  there  was  near  bal¬ 
ance  between  freshwater  supply  and  evaporation,  I 
employed  the  term  “neutral  estuary”.  I  now  prefer  to 
reserve  the  term  "estuary”,  without  any  qualifying 
adjective,  for  those  bodies  I  previously  called  “posi¬ 
tive  estuaries”. 

FOUR  CLASSIFICATIONS 

Having  now  defined  an  estuary,  we  should  consider 
some  possible  subclassifications  based  on  physical 
characteristics.  From  a  geomorphological  standpoint, 
there  are  four  primary  subdivisions  of  estuaries: 
(1)  drowned  river  valleys,  (2)  fjord-type  estuaries, 
(3)  bar-built  estuaries,  and  (4)  estuaries  produced 
by  tectonic  processes. 

Drowntd  river  valleys — These  are  the  classical 
estuaries  of  th<  physical  geographer.  Because  they 
are  most  commonly  found  along  a  coastline  with  a 
relatively  wide  coastal  plain,  and  are  generally  con¬ 
fined  to  that  geological  regime,  I  have  called  these 
waterways  coastal  plain  estuaries.  This  designation 
has  received  relatively  wide  use  in  the  United  States. 

The  Chesapeake  Bay  is  a  prime  example  of  this 
type  of  estuary.  During  the  last  glacial  period,  the 
Susquehanna  River  reached  the  ocean  about  180  km 
seawa.u  of  the  present  shoreline:  the  York  River 
and  the  other  rivers  now  entering  the  Bay  to  the 
north  of  the  York  were  then  tributaries  of  the  Sus¬ 
quehanna  The  James  River  probably  reached  the  sea 
separately.  The  rise  in  sea  level  by  about  100  m  fol¬ 
lowing  the  glacial  period,  roughly  10  thousand  years 
ago,  flooded  the  valleys  of  these  rivers  to  form  the 
Chesapeake  Bay  system. 

Drowned  river  valleys  are  not  only  typical  of  the 
eastern  seaboard  of  the  United  States,  but  are  wide¬ 
spread  throughout  the  world.  It  should  be  pointed  out. 
with  respect  to  coastal  plain  estuaries,  that  by  the 
definition  given  here  not  all  the  length  of  the  drowned 
river  valley  would  be  classified  as  an  estuary,  i  he 


phrase  “within  which  sea  water  is  measurably  diluted 
by  fresh  water”  implies  not  only  that  there  must  be 
a  supply  of  fresh  water  to  mix  with  the  sea  water,  but 
conversely  that  the  estuary  proper  extends  up  the 
drowned  river  valley  only  so  far  as  there  is  a  meas¬ 
urable  amount  of  sea  salts.  In  most  coastal  plain  es¬ 
tuaries  the  river  bottom  does  not  rise  above  sea  level 
for  a  considerable  distance  landward  from  the  point 
at  which  the  last  vestiges  of  sea-derived  salt  can  be 
measured.  The  "fresh”  water  of  the  river  of  course 
has  some  dissolved  solids,  and  therefore  has  a  salt 
content.  Even  so,  the  upper  limit  of  the  estuary,  as 
defined  by  the  most  landward  intrusion  of  sea-derived 
salt,  can  be  quite  sharply  delineated,  because  the  ionic 
ratios  of  the  major  constituents  in  the  river  water  are 
quite  different  from  those  in  sea  water.  For  example, 
the  ratio  of  chloride  ion  to  total  dissolved  solids  in 
the  sea  is  about  1 : 1.8,  while  this  ratio  in  “freshwater” 
rivers  is  more  characteristically  1 : 10  or  1:20. 

As  one  proceeds  from  the  mouth  of  a  coastal  plain 
estuary  toward  the  head,  the  salinity  (defined  either 
in  terms  of  chlorinity  or  of  conductivity)  usually  de¬ 
creases  steadily  from  a  value  of  about  30%,,  to  about 
0.1  %*.  In  the  rivers  along  the  east  coast  of  the  United 
States,  the  salt  content  of  the  fresh  water  is  generally 
less  than  100  ppm,  or  0.1%*.  However,  since  typically 
for  these  rivers  the  ratio  of  chlorinity  to  total  dis¬ 
solved  solids  is  about  1 : 18,  then  even  when  the  salin¬ 
ity,  as  defined  by  the  classical  seawater  relationship  to 
chlorinity,  is  0.1%*,  the  salt  content  of  the  water  is 
about  90%  derived  from  sea  salt.  Beyond  the  point 
where  the  chlorinity  is  about  0.06%*  (salinity  approxi¬ 
mately  0.1%*)  there  will  usually  occur  a  short  transi¬ 
tional  region  in  which  the  chlorinity  will  continue  to 
drop  to  about  0.01%*,  and  the  ratios  of  the  major 
dissolved  constituents  will  undergo  a  rapid  change. 
The  point  at  which  this  occurs  marks  the  upper  limit 
of  the  estuary.  Upriver  from  this  point  the  chlorinity 
and  conductivity  will  remain  relatively  constant. 

Above  this  upper  limit  of  the  estuary  there  is  usu¬ 
ally  a  stretch  of  the  freshwater  river  which  is  still 
subject  to  the  oscillation  of  the  tidal  currents.  The 
duration  of  the  flood  period  compared  to  the  ebb 
period  will  decrease  until  a  point  is  reached  where  the 
downriver  flow  just  ceases  at  what  would  be  maxi¬ 
mum  flood.  There  then  occurs  a  further  stretch  of 
the  river  which  is  subject  to  a  tidal  variation  in  water 
elevation,  and  within  which  there  is  a  time  variation 
in  the  downstream  velocity,  but  without  any  flood 
flow.  The  tidal  effect  on  surface  elevation  frequently 
can  be  traced,  under  certain  flow  conditions,  to  the 
point  where  the  river  bed  rises  above  sea  level.  The 
stretch  of  the  fresh  river  above  the  upper  limit  of  in¬ 
trusion  of  sea-ilerived  salt  which  is  still  subject  to 
tidal  action  is  called  the  tidal  section  of  the  river. 

Fjords — Generally  U-shaped  in  cross  section,  these 
coastal  indentures  nave  been  gouged  out  by  glaciers. 
They  frequenti'-  have  a  shallow  sill  formed  by  termi¬ 
nal  glacial  deposits  at  their  mouths.  The  basins  inside 
the  sills  are  often  quite  deep:  300  or  400  m.  Most 
fjords  have  rivers  entering  at  the  head  and  exhibit 
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estuarine  features  in  the  upper  layers.  The  sill  depths 
in  Norwegian  fjords  are  often  so  shallow  that  the 
estuarine  features  develop  from  the  surface  to  the  sill 
depth,  while  the  deeper  basin  waters  remain  stagnant 
for  prolonged  periods.  Some  fjords  along  the  British 
Columbia  coast  have  greater  sill  depths,  and  the  es¬ 
tuarine  layers  do  not  extend  down  to  the  sill.  In  this 
case  the  basin  waters  are  subjected  to  a  slow  but 
steady  exchange  with  the  adjacent  open  sea  waters, 

Har-built  estuaries — When  offshore  barrier  sand 
islands  and  sand  spits  build  above  sea  level  and  ex¬ 
tend  between  headlands  in  a  chain,  broken  by  one  or 
more  inlets,  bar-built  estuaries  are  formed.  The 
area  enclosed  by  the  barrier  beaches  is  generally 
elongated  parallel  to  the  coastline.  Frequently  more 
than  one  ri  ,er  enters  into  the  estuary,  though  the  total 
drainage  area  feeding  a  bar-built  estuary  is  seldom 
large.  The  lower  valleys  of  such  rivers  have  fre¬ 
quently  lieen  drowned  by  the  rising  sea  level,  and 
hence  the  bur-built  estuary  might  be  considered  as  a 
composite  system,  part  being  an  outer  embayment 
partially  enclosed  by  the  barrier  beaches,  and  part 
being  a  drowned  river  valley  or  valleys.  Because  the 
inlets  connecting  the  bar-built  estuary  with  the  ocean 
are  usually  relatively  small  compared  to  the  dimen¬ 
sions  of  the  sound  within  the  barrier,  tidal  action  is 
considerably  reduced  in  such  estuaries.  These  sys¬ 
tems  are  usually  shallow,  and  the  wind  provides  the 
important  mixing  mechanism.  Albemarle  Sound  and 
Pamlico  Sound  in  North  Carolina  are  examples  of 
bar-built  estuaries. 

Estuaries  produced  by  tectonic  processes — This 
fourth  category  is  a  catch-all  classification  for  estu¬ 


aries  not  r'.early  included  in  the  other  three  divisions. 
Coast  I  indentures  formed  by  faulting  or  by  local  sub¬ 
sidence,  and  having  an  excess  supply  of  freshwater 
inflow,  are  covered  by  this  category.  San  Francisco 
Bay  is  an  example  of  this  group  of  estuaries. 

Another  approach  to  the  classification  of  estuaries 
is  to  consider  the  dominant  physical  processes  associ¬ 
ated  with  movement  and  mixing  in  the  estuary.  There 
are  three  basic  processes  which  produce  motion  and 
mixing  in  an  estuary:  the  wind,  the  tide,  and  the  in¬ 
flow  of  river  water.  In  an  estuary  dominated  by  the 
wind  (for  example,  a  bar-built  estuary),  wind  pro¬ 
vides  most  of  the  energy  for  moving  and  mixing  the 
water.  In  a  tide-dominated  estuary,  turbulence  as¬ 
sociated  with  the  tidal  currents  results  in  mixing 
between  the  salt  and  fresh  water,  which  in  turn  pro¬ 
duces  the  density  gradients  associated  with  the  non- 
tidal  circulation  pattern.  In  a  river -dominated  estuary 
such  as  the  Mississippi,  the  mixing  is  caused  mostly 
by  the  breaking  of  unstable  interfacial  waves  at  the 
upper  boundary  of  the  saltwater  wedge. 

The  coastal  plain  estuary  is  the  most  common  type 
of  estuary  and  probably  has  been  studied  most  com¬ 
pletely.  I  have  worked  out  a  classification  of  coastal 
plain  estuaries  based  on  a  consideration  of  the  various 
terms  which  dominate  the  salt  balance  equation.  This 
classification  is  discussed  in  another  article  in  this 
book. 

Author's  Note:  Contribution  No.  86  of  the  Chesapeake 
Bay  Institute  and  the  Department  of  Oceanography,  The 
Johns  Fjplctns  University.  Supported  by  the  Office  of 
Naval  Research  through  contract  Noor  4010  (11);  and 
the  Natural  Resources  Institute,  State  of  Maryland. 
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HUBERT  CASPERS 

Zoological  Institute  and  Museum,  Unh-ersity  of  Hamburg,  Hamburg,  Germany 


Dictionary  and  encyclopedia  definitions  of  the  word 
“estuary”  seem  comparatively  clear,  but  general  ac¬ 
ceptance  is  not  evident  in  the  descriptions  given  in 
scientific  publications.  A  precise  definition  seems  even 
more  difficult  after  a  thorough  study  of  estuarine  ani¬ 
mals  and  an  attempt  to  characterize  brackish-water 
fauna.  Brackish  water  is  typical  of  many,  but  not  all, 
estuaries  and  it  seems  improbable  that  all  characteris¬ 
tics  of  these  bodies  of  water  are  determined  by  brack¬ 
ish-water  conditions.  Further,  the  use  of  the  terms 
"estuary”  and  “estuarine”  is  often  confused  in  bi¬ 
ological  studies. 

ANALYSIS  OF  DEFINITIONS 

The  papers  of  Emery  and  Stevenson  (1957)  ar.d 
Hedgpeth  (1957)  are  helpful  in  discussing  defini¬ 
tions.  Emery  and  Stevenson  consider  an  estuary  as 
the  wide  mouth  of  a  river,  or  arm  of  the  sea,  where 
the  tide  meets  the  river  currents ;  they  agree  with  the 
common  dictionary  definition,  and  they  add  that  the 
tide  is  the  principal  cause  ot  special  condttu  .is  :.t  the 
river  mouth.  Real  estuaries,  accordingly,  are  re 
stricted  to  the  outflow  of  rivers  in  a  tidal  sen.  and. 
therefore,  rivers  flowing  into  a  non-tidal  sea.  such 
as  the  Mediterranean,  Black  Sea.  or  the  Baltic  do  not 
form  estuaries.  Their  definition  includes  the  opposi¬ 
tion  that  the  river  has  a  wide  mouth,  but  there  is  a 
variety  of  special  situations  ranging  from  those  con¬ 
tinually  open  to  seasonally  closed  estuariev  or  river 
mouths  with  a  harrier  separating  them  from  the  sea 

In  1951.  Ketchum  presented  this  definition:  “An 
estuary  may  he  defined  as  a  body  of  wale;  in  which 
the  river  water  mixes  with  and  measurably  dilutes  sra 
water."  This  allows  the  inclusion  of  brackish  water 
areas  at  the  river  outflows  in  non -tidal  seas,  which  is 
a  contradictn»i  of  the  classical  umlerslamling  of  estu¬ 
aries.  It  poses  a  difficulty  in  differentiating  an  estu- 
ar  from  a  lagoon,  which  is  described  as  "a  shallow 
lake  or  sheet  of  water  connected  with  the  sea  or  a 
river".  Emery  and  Stevenson  i  1957 1  also  pointed 
<xit  “these  dictionary  definitions  are  not  mutually  ex¬ 
clusive.  since  a  lagoon  connected  with  the  sea  may 
also  he  affected  by  the  tide”.  1  agree  that  it  would  be 
impractical  to  acrej*  salinity  a»  the  only  factor,  be¬ 
cause  the  nos!  characteristic  aspect  of  the  estuarine 
environment — a  mgwm  of  steep  and  sanalde  gradient 
in  environmental  conditions — is  not  recognized.  Never¬ 
theless.  there  it  no  sharp  separation  between  estuaries 


and  lagoons,  because  gradients  (mainly  in  salinity) 
are  to  be  found  in  lagoons  and  even  in  whole  sea 
basins,  as  in  th<  Baltic. 

Estuaries  at  e  sometimes  defined  from  a  physi¬ 
ographic  viewpoint  as  bodies  of  water  bordered  by  land 
masses  and  occ spying  the  mouths  of  stream  valleys. 
The  condition  of  a  drowned  river  valley  does  not  seem 
appropriate,  as  an  estuary  may  be  built  by  the  river 
itself  through  formation  of  a  delta,  and  sedimentation, 
together  with  erosion,  has  often  developed  a  system 
of  typical  estuaries  in  the  lower  part  or  the  river.  It 
is  equally  inexact  to  specify  them  as  distinct  hydro- 
biological  types  when  the  delta  is  built  at  the  entrance 
of  a  tidal  sea.  As  a  result  of  sedimentation  the  river 
mouth  is  usually  separated  into  different  arms  which 
can  result  in  small  estuaries  with  the  same  hydro- 
graphic  and  biological  characteristics  of  those  cor¬ 
responding  to  the  classical  description.  The  definition 
of  estuaries  liasest  on  their  physiography  does  not  cor¬ 
respond  to  Pritchard  1  1952)  :  "An  estuary  is  a  semi- 
enclosed  coastal  body  of  water  having  a  free  connec¬ 
tion  with  the  open  sea  and  containing  a  measurable 
quantity  of  seawater."  This  description  could  also 
ap;>|v  to  most  of  the  marine  lagoons,  ami  explains  the 
confusion  often  l, mud  in  American  biological  publi¬ 
cations  on  tlie  sulncct  oi  "estuarine  waters”  and  '‘estu¬ 
arine  communities". 

Scientific  investigations  usually  compare  individual 
characteristics  of  ime  system  with  those  of  other  sys¬ 
tems  to  determine  common  features — a  dangerous  ap¬ 
proach  it'  we  forget  that  reality  in  nature  is  indi¬ 
viduality.  I.ival  geographic.  hydrographic,  and  cli¬ 
matic  conditions  decisively  determine  the  biological 
features  of  river  mouths.  In  order  to  estaliiish  tlie 
common  characteristics  of  all  estuaries  by  omibinmg 
the  individual  fealurrs  of  nature  to  a  category,  we 
must  have  a  clear  >lcfinitinn  For  example,  it  is  pos¬ 
sible  to  describe  tlie  biology  of  one  riser  mouth  giving 
the  name  of  the  river,  but  if  we  speak  of  an  estuary 
we  must  indicate  what  an  rstuary  is  ami  what  it  is  not. 

In  considering  the  mouth  of  a  riser  in  a  tidal  sea. 
assuming  that  it  is  a  river  hoi  or  a  sssjem  of  river 
beds  that  carrv  fresh  water  to  the  sra.  one  may  ask 
what  boundaries  might  be  selected  to  determine  the 
estuarine  region  of  such  a  riser.  In  most  definitions, 
the  hydrographic  point  >>f  view  is  expressed:  the  rstu¬ 
ary  includrs  the  rec-on  when  riser  water  mixes  with 
sea  water.  This  ould  mean  that  the  rstuary  i«  con¬ 
fined  to  the  area  of  brackish  water.  In  nature,  bow  - 
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ever,  it  is  difficult  to  limit  the  estuarine  region  in 
this  way.  Perhaps  this  can  be  illustrated  by  the  ex¬ 
treme  case  of  the  Amazon  which  is  influenced  some 
hundreds  of  miles  up  the  river  by  the  r/ise  and  fall  of 
tides.  The  phenomenon  is  a  result  of  tlic  periodic  re¬ 
striction  of  freshwater  outflow  by  the  tides ;  all  brack¬ 
ish  water  regions  are  limited  to  the  mouth  of  the 
river.  The  freshwater  flows  are  so  large  that  tidal 
forces  are  inadet|uate  to  cause  movement  of  marine 
waters  into  the  river,  except  in  tltc  dry  seasons.  How¬ 
ever.  the  piessure  of  the  tides  influences  the  develop¬ 
ment  of  tidal  currents  up  and  down  the  river  over  a 
considerable  distance.  This  phenomenon  occurs  com¬ 
monly  in  all  open  estuaries.  The  steepness  of  the 
salinity  gradient  and  the  distance  of  penetration  of 
marine  water  depend  upon  the  pressure  of  the  tides 
entering  the  estuary.  I'pstream  from  the  end  of  the 
mixo-oligohaline  region,  the  fresh  water  is  still  in¬ 
fluenced  bv  the  tidal  rise  and  fall.  In  the  Kibe  Estuary, 
brackish  water  is  present  only  in  the  lower  ijuarter  of 
that  portion  of  the  river  influenced  by  the  ebb  and 
flow  of  tidal  currents  ( Lucht,  19M  i  :  this  means  that 
the  up|»cr  limit  of  the  estuary  is  determined  not  by 
salinity,  but  by  tidal  forces.  In  other  words,  it  is 
determined  hydrodynamically  rather  than  hydrochetni- 
cally. 

The  lower  limit  of  the  estuary  is  fixed  by  gvomor- 
pliologicai  features.  On  rocky  shores  the  opening  of 
the  river  into  the  sea  may  be  sinklen :  in  flatland  areas 
extensive  sedimentation  may  occur;  in  extreme  cases, 
a  wide  delta  region  develops,  or  the  river  may  pass 
through  a  tidal  marsh  I  for  example,  the  ElheV  A 
line  usually  separates  the  river  bed  from  the  sea  floor, 
but  this  line  defines  the  limit  of  undiluted  sea  water 
and  brackish  water  may  occur  a  great  distance  beyond 
this  point  of  separation. 

Emery  ami  Stevenson  i  1957 1  note  that  "most  la¬ 
goons  arc  elongate  parallel  to  shore  ami  lie  athwart 
the  mouths  of  one  or  more  streams" — a  'Inscription 
that  does  not  clarify  the  character  of  lagoons  and  es¬ 
tuaries  lagoons  without  tidal  change  can  be  deleted 
from  consideration  here,  hut  it  is  sometimes  difficult 
to  determine  if  a  tidaMy  influenced  area  at  the  border 
of  the  sea  having  a  freshwater  inflow  is  a  lagoon  or 
part  of  »n  estuary  As  Knchford  i  l**51a.  h>  has 
shown  in  Australian  estuarine  sv stems,  and  I>iy 
(  1951  i  m  South  Africa,  a  river  often  builds  a  bar 
rier  that  separates  its  mouth  from  the  open  sea  ;  and 
Johnson  i  1919.  'inscribed  the  sequence  of  estuaries 
and  lagoons  by  the  influence  of  gesjogical  submer¬ 
gence  and  he  formation  of  shore  lines  Rut  these  dr 
jcriptions  do  not  provide  a  clear  separation  of  estu¬ 
aries  and  lagoons. 

It  may  he  possible  to  distinguish  between  lagoon t 
and  estuaries  by  analysing  another  hvdrolngacat  fea¬ 
ture  the  instability  of  salinity  When  the  inflow  of 
fiesh  water  in  a  separated  basin  develops  a  stable 
loli  of  brack'di  water.  it  may  be  considered  a  lagom. 
If  the  miring  oi  tresh  and  marine  waterv  is  not  stable 
but  shows  periodsc  changes,  the  basin  may  be  con¬ 
sidered  an  estuary 


BIOLOGICAL  CONSIDERATIONS 

The  unstable  conditions  of  estuaries  determine  their 
principal  biological  features.  In  brackish  water  la¬ 
goons,  the  environmental  conditions,  expressed  by  the 
salinity,  are  relatively  stable.  In  estuaries,  however, 
poikilohaline  conditions  influence  the  whole  bioceno¬ 
sis;  Day  ( 1951  )  has  emphasized  that  the  distribution 
of  animals  in  estuaries  cannot  he  based  on  a  single 
factor  of  the  environment,  but  that  a  complex  of 
periodically  changing  parameters  limits  the  coloniza¬ 
tion  to  a  restricted  number  of  organisms  with  a  wide 
range  of  ecological  adaptations. 

The  bottom  communities  are  most  important,  be¬ 
cause  the  flora  and  fauna  must  survive  extreme  hy¬ 
drographic  changes,  sometimes  in  a  period  of  one 
tide.  If  extreme  variation  occurs  in  different  seasons, 
the  faunal  composition  may  be  significantly  changed 
Day  ( 1951)  has  given  many  examples  of  “blind  estu¬ 
aries”  in  South  Africa,  and  he  noted  that  the  distribu¬ 
tion  of  organisms  may  be  controlled  by  any  of  several 
factors :  a  wide  variation  in  salinity,  temperature,  or 
turbidity  often  destroys  the  faunal  populations.  Some 
animals  have  become  adapted  to  the  environmental 
fluctuations  in  estuaries  and  represent  a  comparatively 
stable  biotope.  but  this  group  does  not  contain  a  large 
variety  of  species  (Caspers.  1948.  1951,  1954.  1955. 
1958.  1959.  I960).  Typically,  brackish  water  lagoons 
or  seas  show  a  richer  stiectrum  of  species  which  adapt 
to  reduced  salinity.  In  contrast,  it  seems  doubtful  that 
estuaries  develop  a  clearly  specialized  brackish  water 
bottom  fauna. 

A  somewhat  different  situation  is  evident  in  plank 
ton  communities.  It  is  difficult  to  define  typical  po 
tamuplankton  communities  in  rivers  because  the  plank¬ 
ton  floats  ilownstreani  too  quickly,  but  in  estuaries, 
lecausr  of  the  periodic  change  in  current  direction, 
the  plankton  remains  in  the  same  water  mass  for  a 
long  enough  period  to  develop  populations  of  various 
organisms  (  Schulz.  1960l. 

it  is  impractical  to  describe  in  this  paper  all  the  dif- 
ti-rent  types  of  est  .  ,rie*,  hut  some  of  their  main  fea¬ 
tures  are  : 

I.  Estuaries  are  limited  to  river  mouths  <n  tidal 

seas 

Estuaries  often  show  saline  arras,  but  the  extent 
•  d  these  areas  differs,  depending  on  the  amount  of 
lieshwaler  inflow 

.1  In  extersdrd  estuaries,  tide-induced  currents  reach 
upstream  into  freshwater  zonr-.;  in  these  cases,  the 
upper  limit  of  the  estuary  r  -r respond*  to  the  upper 
limit  of  tidal  mfloerve. 

4.  K-*tuarie».  in  contrast  to  lagoons.  are  character 
i  red  by  pntkilnhalmity  and  the  instability  of  environ¬ 
mental  factors 

Hedgprth  i  i  discusses  the  monotony  of  estu¬ 
arine  pryndations  as  compared  to  those  of  the  sea 
Estuarine  organisms  are  mainly  ruryhahnr  mar**e 
forms  which  are  iUr  to  penetrate  and  ~  in  .  i 
unstable  bsotope.  One  doe*  not  find  •  cr  -'  ted  or 
gam  am*  m  the  upper  portion  of  an  ex  -ry  but  only 
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those  eurytoptc  dement*  of  the  freshwater  biota  which 
are  able  to  survive.  These  organisms  can  usually  be 
found  in  the  tidal  flats  an  the  muddy  borders  of  the 
river ;  in  addition,  some  marine  immigrants  cross  the 
salinity  harrier.  Anadromous  and  catadromons  ani¬ 
mals  periodically  migrate  through  the  estuary  or, 
like  Eriockeir,  select  the  brackish-water  part  of  the 
estuary  as  a  breeding  place 
It  has  been  suggested  that  estuaries  may  be  invaded 
more  easily  in  warm  waters.  This  theory  has  de¬ 
veloped  primarily  from  observations  of  the  richness 
of  the  fauna  of  tropical  and  subtropical  estuarine 
waters  as  compared  wi  those  of  higher  latitudes. 
Hedgpeth  (1957)  attribued  the  difference  to  an  in¬ 
creased  osmoregulatory  ability  at  higher  temperatures 
It  seems  to  me,  however,  that  it  is  a  matter  of  statis¬ 
tics;  the  greater  variety  of  species  in  tropical  teas 
accounts  for  more  ecological  types  which  can  pene¬ 
trate  unstable  environs.  A  large  number  of  marine 
microfaunal  species  exists  in  the  upper  region*  of 
estuaries  in  non-tropical  areas,  as  illustrated  by  the 
Elbe  Estuary  ( Riemaim,  1966) . 

The  above  examples  have  been  mentioned  to  demon¬ 
strate  that  the  flora  and  fauna  of  an  estuary  cannot  be 
described  merely  as  a  brackish  venter  community.  The 
assemblage  consists  not  only  of  brackish  water  ele¬ 
ments  but  many  other  organisms  able  to  resist  the 
unstable  conditions.  Typical  brackish  water  organisms 
arc  adapted  to  a  snort  or  less  stable  salinity,  while 
estuarine  brackish  water  organisms  must  be  able  to 
adapt  to  greater  environmental  changes.  Should  typi¬ 
cal  biackish  water  organisms  be  found  in  estuaries, 
their  preadaptation  to  persist  in  unstable  biotopes  has 
probably  permitted  them  to  colonize.  A  distinction 
between  estuaries  as  poikilohaline  biotopes  and  la¬ 
goons  as  more  or  less  stable  brackish  water  arras 
should  be  made.  The  variety  of  estuarine  organisms 
has  developed  by  a  selection  quite  different  Iron1  that 
in  lagoons  and  larger  brackish  water  areas.  Kiologi- 
cal  analyses  will  demonstrate  the  principal  difference 
between  estuaries  and  lagoons 
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Eatuarie*  and  Lagoons  in  Relation  to  Continental  Shelves 
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Many  of  the  pape  s  in  this  symposium  volume  de¬ 
scribe  the  characteristics  of  estuaries  and  lagoons  and 
outline  the  physical,  biological,  and  chemical  processes 
which  are  responsible  for  these  characteristics.  Others, 
for  example,  Klein,  identify  and  describe  Mesozoic 
and  Paleozoic  strata  containing  evidence  of  estuarine 
deposition.  I  All  literature  citations  in  this  article 
refer  to  contributions  contained  elsewhere  in  this  vol¬ 
ume.  i  It  may  be  useful  to  partly  link  the  modem  and 
the  very  ancicn,  estuaries  and  lagoons  by  tracing  *!ic 
development  of  these  features  throughout  the  trans¬ 
gressions  and  regressions  of  the  shoreline  across  the 
continental  shelves  during  the  Pleistocene  epoch. 

The  groundwork  for  this  discussion  consists  of  a 
brief  comparison  of  regional  aspects  of  estuaries  and 
lagoons,  a  general  description  of  continental  shelves, 
and  an  examination  of  the  varying  position  of  sea 
level  during  the  Pleistocene  epoch. 

REGIONAL  ASPECTS  OF  ESTUARIES 
AND  LAGOONS 

Estuaries  and  lagoons  w  ith  tfceir  marsh  or  mad-flat 
hllings  constitute  a  much  higher  percentage  of  the 
world's  coasts  than  is  generally  recognized.  In  fact, 
many  of  the  largest  cities  haie  been  built  on  ihc 
marshes  or  on  "made"  ground  adjacent  to  them. 
A  round  the  United  States  80  to  90  percent  of  the 
Atlantic  ami  <  »ulf  of  Mexico  Coasts  and  10  to  JO  per¬ 
cent  of  tlte  Pacitic  Coast  consist  of  estuaries  and 
lagoons.  Even  a  brief  examination  oi  •  tojxvgraphic 
chart  of  the  United  States  reveals  a  dominance  of 
lagoons  fruri  Mexico  along  the  Gulf  Coast  a'w?  north¬ 
ward  along  the  Atlantic  Coast  to  Cape  Itaiteras.  Be¬ 
tween  Cape  1 1  alter  as  and  New  York  lagoons  are 
prevent,  but  they  are  compounded  with  much  brfrr 
estuaries  From  New  York  to  Canada  small  bet  only 
slightly  tilled  estuaries  are  common  Throughout  most 
of  the  Pacific  Coast  small  estuaries  again  dominate 
and  many,  especially  those  toward  the  couth,  are  Filed 
to  overflowing  with  sediment  A  similar  pattern  is 
outlined  by  tiordinr 

A  little  reflection  indicates  that  the  r  eg  tonal  dis¬ 
tribution  of  estuaries  and  lagoon t  corresponds  to  the 
regional  characteristics  of  continental  shrltes  and 
their  land  ant  moat;  on  ♦ — the  coastal  plains  In  other 
words.  lagoms  are  typseal  where  continental  shelves 
and  cnastai  plains  are  wide  and  nearly  flat  Small 
estuaries  occur  where  the  shrives  and  coastal  plains 
are  narrow  and  have  high  relief.  This  distr.butron 
commies  « -th  the  long -established  concept  thi*  la 
grams  are  caused  by  the  marine  Jrpn»it"vn  <*t  offshore 


burs  in  areas  of  low  relief,  and  estuaries  are  drowned 
valleys  cut  by  streams  or  glaciers  (fjords).  Locally, 
embayments  similar  to  estuaries  have  been  formed  by 
faulting  and  by  votcanism. 

Once  formed,  estuaries  and  lagoons  tend  to  be¬ 
come  destroyed  by  deposition  of  fresh-  or  brackish - 
water  marshes  at  their  heads,  by  deposition  of  marine 
marshes  and  sand  islands  and  bars  nearer  their  mouths, 
and  by  general  coastal  retreat  by  marine  erosion. 
Stages  in  the  Filing  of  one  estuary  are  well  illus¬ 
trated  by  Redfield.  In  the  long  run  it  is  obvious  that 
most  sediments  deposited  within  estuaries  and  lagoons 
must  be  derived  from  the  land  because  of  the  domi¬ 
nance  of  erosion  on  land  and  of  deposition  on  the  sea 
floor.  When  Frst  formed,  however,  estuaries  oi  ta- 
goons  have  some  of  the  attributes  of  a  vacuum  be¬ 
cause  they  attract  clastic  sediment  from  all  directions : 
tributary  streams  or  sheet  wash  (Jennings:  Redfield). 
bordering  cliffs  fGuilcher;  Klein),  and  the  adjacent 
sea  floor  f  Guilcher ;  Kulm ;  Postma :  SteeTs) .  B  'genic 
materials,  such  as  grasses  of  marshes  t  Redfield  >  and 
mangroves,  aid  in  trapping  these  sediments  and  they 
themselves  add  to  the  deposits.  In  the  early  stag's 
only  very  tine-grained  sediment  is  capable  of  transit¬ 
ing  ar,  estuary  or  lagoon  and  reaching  the  open  sea. 
Because  of  the  greater  turbulence  generally  found  in 
the  mien  sea.  most  of  these  sediments  continue  in  sus¬ 
pension  to  sites  of  deposition  beyond  the  continental 
shelf.  In  some  areas  of  quiet  water  off  certain  lagoons 
t  (»-»rshiK  i.  in  large  protected  arras  such  as  the  Gulf 
of  Maine,  or  behind  associated  deltaic  (Morgan)  or 
nun -made  Karri. -rs  some  of  the  fine-framed  sediments 
may  lie  i!cpotitrd.  but  these  are  unusual 

The  movements  of  coarse-grained  sediments  are  not 
well  known  because  of  the  diftmh'rx  in  measuring 
the  bed  load  of  streams,  but  general  reasoning  mdi- 
c.’trs  (hat  rally  minor  discharges  of  sands  reach  the 
continental  shelf  from  -stuarie*  and  lagoons  until  the 
latter  beconw.  largely  filled:  during  early  stages,  in 
fact.  sanJ  is  drawn  into  the  estuaries  and  lagoons 
from  the  shorrs  and  sra  floor  adjacent  to  tidal  uskts 
Eventually,  the  features  become  so  Filed  that  alluvial 
fans  develop  on  top  of  estuaries  and  then,  of  course, 
most  .ed'tnenu  brought  by  the  streams  cross  and  are 
deposited  «i  the  roolmental  shelf  at  the  mouth  of  the 
estuary 

CONTI N EN T A L  SH ELY ES 

Sounding  profiles  gmendly  reveal  the  cont  nenta! 
shelf  to  he  concave  upward,  steeper  near  shore  and 
flat  on  the  outre  half  The  shelf-break  mostly  ranges 
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between  60  and  160  m,  with  local  wide  variations  due 
to  isostatic  or  diastrophic  movements  oi  to  rapid  depo¬ 
sition  of  sediments.  The  worldwide  average,  about 
130  m,  is  close  to  the  figure  for  the  maximum  lower¬ 
ing  of  sea  level  during  Pleistocene  glaciations,  accord¬ 
ing  to  recent  estimates.  Probably  more  than  90  percent 
of  the  continental  shelf  is  deeper  than  the  effective 
wave  base,  about  20  m,  estimated  from  the  position 
where  waves  begin  to  refract  and  thus  to  transfer 
energy  to  the  sea  floor. 

Minor  topograpnic  features  on  continental  shelves 
are  significant  indicators  of  origin.  Most  carefully 
surveyed  shelves  have  a  sequence  of  small  terraces 
each  with  its  own  flat  area  fronted  and  backed  bv 
steeper  cones.  Samples  indicate  that  coarse-grained 
sediments  cover  the  flats  and  usually  the  steeper  zones, 
but  rock  outcrops  may  be  present  along  both  seaward 
and  landward  margins  of  the  terraces  In  other  places 
the  shelf  is  covered  by  parallel  sand  waves  or  ridges, 
some  of  which  have  trends,  shapes,  and  sizes  analo¬ 
gous  to  the  sand  bars  and  sand  islands  which  separate 
lagoons  from  the  open  sea. 

Transver„e  to  the  continental  shelf  are  drowned 
river  v  iiieys  or  submarine  channels  which  were  eroded 
by  streams  during  low  stages  of  sea  level.  They  ap¬ 
pear  to  have  been  cut  deepest  below  their  surround¬ 
ings  in  the  nearshore  part  of  the  shelf  where  seaward 
slopes  are  steepest.  In  some  instances  the  channels 
extend  beyond  the  shelf  to  join  submarine  canyons, 
but  most  of  these  shallow  features  are  not  well  known 
because  they  are  almost  completely  filled  with  sedi¬ 
ments.  Better  known  are  the  submarine  canyons 
whose  heads  indent  wide  continental  shelves  or  even 
extend  completely  across  narrow  ones. 

Sediments  on  most  parts  of  the  continental  shelf 
are  -lands  that  commonly  are  coarser  grained  than 
those  nearer  shore  ar.d  are  iron-stained  as  though 
they  had  Iain  on  the  sea  floor  for  a  long  time  with 
little  movement.  Associated  with  some  of  the  sands 
are  tests  of  foraniinifera  and  shells  of  molluscs  dif¬ 
ferent  from  those  living  in  the  same  areas  today.  An 
interesting  example  is  the  presence  of  dead  shells  of 
the  oyster,  Cras.'.istrca  virginica,  in  two  parallel  bands 
about  70  and  50  m  deep  along  most  of  the  Atlantic 
continental  shelf  off  the  United  States,  although  the 
species  is  found  alive  only  in  estuarine  or  lagoonal 
waters  shallower  than  10  ni. 

Explored  at  depth  chiefly  by  seismic  profiling  meth¬ 
ods,  the  sediments  of  continental  shelves  are  found 
to  vary  from  a  thickness  of  zero  to  about  100  m,  usu¬ 
ally.  hut  not  always,  thicker  on  the  nearshore  hail  than 
farther  offshore.  Locally  the  sediments  form  prisms 
having  shu|*es  corresponding  to  the  terraces  on  the 
shelves.  In  most  profiles  several  strata  of  sediments 
are  present.  At  the  base  of  the  sequence  in  some 
areas  and  most  commonly  on  the  outer  part  of  the 
continental  shelf  these  sediments  lie  above  a  noncon¬ 
formity,  below  which  older  strata  dip  seaward  more 
steeply  than  the  overlying  sediments. 

All  of  these  observations  (depths,  topographic  de¬ 
tails,  relict  sediments  and  fauna,  internal  structures, 


and  underlying  rocks)  closely  support  the  concept  that 
the  wide  continental  shelves  of  today  were  cut  by 
waves  during  glacial  times  of  low  sea  level  and  that 
subsequently  they  have  received  repeated  and  irregu¬ 
lar  veneers  of  interglacial  and  post-glacial  sediments. 
This  concept  is  further  supported  by  the  presence  of 
similar  marine  terraces,  sand  bars,  lagoon  fillings,  .and 
estuary  deposits  at  positions  higher  than  present  sea 
level.  In  this  sense  estuaries  and  lagoons  of  today  are 
only  transitory  representatives  of  many  earlier  ones 
now  found  both  oelow  and  above  the  present  sea  level. 

SEA  LEVEL 

When  glaciation  of  the  continents  began  about  a 
million  years  ago  sea  level  dropped  from  its  pre¬ 
glacial  position  at  about  50  in  above  the  present  level 
to  about  160  ir  below  it.  Subsequent  fluctuations  oc¬ 
curred  in  response  to  alternating  glacial  and  inter¬ 
glacial  stages,  but  the  details  of  timing  and  the  ele¬ 
vations  of  maximum  and  minimum  levels  are  highly 
speculative.  Data  for  part  of  the  rise  from  the  level 
of  the  latest  glacial  minimum  are  provided  by  radio¬ 
carbon  dating  of  shallow-water  shells  or  of  intertidal 
marsh  deposits  now  found  at  abnormally  deep  posi¬ 
tions.  The  best  of  these  dates  indicate  a  rise  of  sea 
level  from  about  minus  100  m  18,000  years  ago  to 
minus  20  m  9,000  years  ago  (a  rate  of  about  9  m  per 
thousand  years).  Subsequently,  more  numerous  meas¬ 
urements  show  that  the  rate  decreased  steadily  so  that 
about  3,000  years  ago  the  level  was  3  m  or  less  below 
present  sea  level  (Kedfield).  Since  then  the  rise  has 
been  even  slower  and  at  a  rate  (relative  to  the  land 
bench  marks)  which  appears  to  be  influenced  by  local 
isostatic  or  diastrophic  movements  of  the  coast,  but 
which  averages  less  than  one  m  per  thousand  years. 

CONCLUSIONS 

During  each  crossing  of  the  continental  margin  by 
the  shore  zone,  the  continental  shelf  was  modified  by 
erosion  and  deposition.  Topographic  details  of  the 
erosional  and  depositional  features  remain  chiefly 
from  the  latest  rise  of  sea  level,  which  still  continues. 
Speculation  about  the  relationship  of  estuaries  and 
lagoons  to  rising  sea  level  and  to  position  on  the  con¬ 
tinental  shelf  may  be  interesting  ( Fig:.  1 ). 

When  the  sea  level  was  lowest,  at  the  shelf-break 
or  beyond,  the  heads  of  earlier  submarine  canyons 
should  have  produced  an  irregular  and  even  a  steep 
coastal  zone.  Estuaries  should  have  been  common 
shore  features,  but  the  steep  axes  of  the  canyons 
should  have  prevented  the  accumulation  of  thick  sedi¬ 
mentary  fillings  or  marshes,  and,  in  fact,  none  is 
known  from  the  limited  number  of  dredgings  that 
have  been  made  in  these  canyon  heads.  As  sea  level 
rose,  the  shore  zone  crossed  the  flat  outer  half  of  the 
continental  shelf.  The  rise  probably  was  slow  at  this 
stage  and  most  likely  the  coast  was  one  of  long  la¬ 
goons  like  those  of  the  present  Gulf  and  Atlantic 
Coasts  of  the  southern  United  States  As  the  sea  level 
continued  to  rise  it  drowned  the  shelf  channels  and 
formed  estuaries,  which  probably  at  first  were  com- 
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Fig.  1.  Some  relationships  of  the  post-glacial  rise  of 
sea  level.  A,  and  the  profile  of  the  continental  shelf,  B, 
believed  to  be  typical  throughout  the  world.  C  shows  the 
changing  importance  of  estuaries  versus  lagoons  as  the 
shoreline  crossed  the  continental  shelf  and  intruded  the 
channels  previously  cut  into  the  shelf.  D  indicates  the 
probable  places  of  deposition  of  sand  within  estuaries  and 
lagoons  versus  deposition  on  the  open  shelf  after  transit¬ 
ing  largely  filled  estuaries  and  lagoons.  At  the  bottom, 
E  suggests  the  order  of  deposition  of  sediments  during  a 
single  epoch  of  rising  sea  level,  first  as  estuaries,  as  la¬ 
goons,  then  as  combined  estuaries  and  lagoons,  and  finally 
as  estuaries;  a  final  stillstand  of  the  sea  level  should 
allow  the  sediments  to  prograde  seaward ;  arrows  indicate 
the  direction  of  sand  deposition  from  oldest  to  youngest ; 
E  denotes  estuarv  and  L,  lagoon.  Vertical  exaggeration 
of  the  profiles  is  about  1 :150. 

pounded  with  lagoons  which  lay  across  their  mouths, 
such  as  those  north  and  west  of  Cape  Hatteras  today. 
Further  rise  brought  the  shore  zone  to  the  steeper 
nearshore  part  of  the  continental  shelf,  so  that  estu¬ 
aries  became  more  common  than  lagoons,  as  is  the 
present  situation  for  the  northern  Atlantic  and  the 
Pacific  coasts.  As  shown  by  Figure  1A,  until  the  last 
few  thousand  years  the  rise  of  sea  level  was  relatively 
fast,  possibly  faster  than  the  estuaries  could  be  filled 
with  sediment.  Subsequently,  the  rise  appears  to  have 
been  sufficiently  slow  for  sedimentation  to  be  keeping 
up  (Rusnak;  Morgan)  and  to  be  beginning  to  make 
up  the  deficit  left  in  estuaries  and  lagoons  by  the  pre¬ 
vious  rapid  rise.  Thus  we  can  surmise  that  the  post¬ 
glacial  rise  of  sea  level  developed  estuaries  near  the 
shelf-break,  lagoons  on  the  outer  half,  lagoons  and 
estuaries  near  the  middle,  and  estuaries  on  the  near¬ 
shore  part  of  many  continental  shelves.  Where 
shelves  are  especially  flat  the  later  stages  have  not 
yet  been  reached,  A  further  rise  should  tend  toward 
producing  more  estuaries  on  most  coasts  of  the  world. 
With  a  long  stillstand  at  maximum  sea  level,  we 


should  expect  the  shore  to  prograde  seaward  as  a 
succession  of  narrow  lagoons  or  as  beach  ridges. 

It  is  evident  that  the  present  estuaries  are  features 
that  have  a  past  and  a  future,  but  that  the  age  of  the 
present  ones  is  only  about  one  percent  of  the  age  of 
the  shelf  and  its  continuous  sequence  of  estuaries  and 
lagoons.  The  only  evidence  of  this  sequence  to  be 
found  consists  of  their  deposits.  Much  of  the  fine¬ 
grained  sediment  which  reached  the  estuaries  and 
lagoons  from  land  may  still  be  present  at  depth,  as 
submerged  marsh  deposits  buried  under  coarser  sedi¬ 
ments.  As  suggested  by  Figure  1,  when  sea  level  was 
lowest,  most  of  the  sands  which  reached  the  estuaries 
and  lagoons  from  streams  were  discharged  through  the 
shelf  channels,  to  be  deposited  in  the  heads  of  sub¬ 
marine  canyons  and  thence  to  make  their  way  farther 
seaward  by  mass  movements  and  turbidity  currents. 

At  this  stage,  sands  were  deposited  in  quantity 
neither  on  top  of  the  continental  shelves  nor  within 
the  estuaries.  As  the  sea  level  rose,  the  shore  slowly 
crossed  the  flat  part  of  the  shelf,  and  offshore  bars 
and  barrier  islands  separated  lagoons  from  the  open 
sea.  Widespread  sands  on  the  shelves  indicate  that 
the  rise  was  slow  enough  so  that  many  of  the  lagoons 
became  filled,  and  a  great  quantity  of  sand  was  de¬ 
posited  above  the  shelf  in  the  form  of  a  succession  of 
sand  ridges,  as  well  as  blankets  of  sand  between  the 
ridges.  With  the  faster  rise  across  the  steeper  near¬ 
shore  parts  of  the  shelf,  the  sands  ma  ■  largely  have 
been  restricted  to  the  filling  of  estuaries.  If  the 
present  slow  rise  of  sea  level  continues,  the  estuaries 
should  become  filled,  and  sand  then  will  be  discharged 
onto  the  shelf ;  but  if  the  rate  of  rise  again  increases, 
we  should  expect  that  most  sand  will  be  deposited 
within  the  estuaries  until  the  maximum  level  is 
reached  and  the  sea  level  remains  stationary. 

In  cross  section,  a  simplified  view  may  be  drawn  of 
the  sites  of  deposition  of  sands  on  the  continental 
shelf  during  a  single  epoch  of  rising  sea  level  (Fig. 
IE).  The  first  deposits  of  the  cycle  are  at  the  outer 
edge.  Continued  rise  of  sea  level  allowed  the  sands 
progressively  to  cover  the  shelf  to  the  highest  level 
reached  by  the  sea.  From  then  on  we  would  expect 
sands  to  prograde  back  across  the  shelf  as  a  succes¬ 
sion  of  seaward-growing  sand  ridges,  and  perhaps  off¬ 
shore  bars  and  barrier  islands  of  lagoons.  Thus,  ris¬ 
ing  sea  level  followed  by  a  stationary  one  would  be 
revealed  by  landward  deposition  followed  by  seaward 
deposition.  A  future  glaciation  which  causes  a  re¬ 
newed  lowering  of  the  sea  level  would  interrupt  this 
sequence,  erode  part  or  all  of  the  sediments,  and  fi¬ 
nally  deposit  a  new  sequence  of  estuarine  and  lagoonal 
sediments. 

Author's  Note:  This  paper  is  Contribution  No.  1493  of 
the  Woods  Hole  Oceanographic  Institution,  Woods  Hole, 
Massachusetts. 
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An  estuary  may  be  defined  as  a  partially  enclosed 
body  of  water  which  receives  an  inflow  of  fresh  water 
from  land  drainage  and  which  has  a  free  connection 
with  the  open  sea.  The  water  within  the  estuary  con¬ 
sists  of  a  mixture  of  fresh  water  and  sea  water  in 
proportions  which  vary  from  place  to  place.  This 
definition,  which  follows  that  used  by  Cameron  and 
Pritchard  (1963),  covers  coastal  plain  estuaries  and 
fjords,  as  well  as  certain  gulfs,  sounds,  and  inlets.  It 
also  includes  embayments  formed  behind  offshore 
bars,  provided  they  have  a  salinity  significantly  lower 
than  the  open  sea. 

The  main  physical  problems  to  be  investigated  in 
an  estuary  are  the  water  movements,  the  mixing 
processes,  and  the  distribution  of  salinity  which  re¬ 
sults  from  their  combined  action.  The  distribution  of 
temperature  is  usually  of  secondary  interest  in  an  es¬ 
tuary,  since,  although  it  undergoes  considerable  vari¬ 
ation,  it  has  a  less  important  effect  on  the  density  of 
the  water.  Another  type  of  problem  is  concerned  with 
the  effect  of  the  circulation  and  mixing  processes  on 
the  movement  and  dispersion  of  other  substances  in¬ 
troduced  into  the  estuary  in  various  ways.  Fresh 
water  can  often  be  used  as  an  indicator;  it  provides 
information  on  the  mixing  processes  which  can  then 
be  used  in  calculating  the  effect  on  an  effluent  intro¬ 
duced  at  a  particular  location  in  the  estuary.  In  some 
cases,  special  experiments  with  artificial  tracers,  such 
as  fluorescent  dye,  may  be  needed  to  obtain  a  more 
detailed  knowledge  of  the  processes  involved. 

The  rate  of  influx  of  fresh  water  from  rivers  varies 
greatly  and  the  conditions  in  an  estuary  change  with 
the  variations  in  the  volume  of  water  discharged  by 
the  rivers  flowing  into  it.  A  time  lag  of  greater  or 
less  extent  is  involved,  and  usually  there  is  a  “buffer¬ 
ing”  effect,  the  estuarine  processes  reacting  in  such 
a  way  that  the  proportionate  change  in  the  salinity 
distribution  is  less  than  that  in  the  river  flow.  A 
study  of  changing  conditions  is,  therefore,  important. 

A  comparison  of  the  data  obtained  from  a  number 
of  estuaries  leads  to  a  recognition  of  various  types  of 
circulation  and  salinity  patterns  and  to  a  classification 
of  estuaries  based  on  the  physical  conditions  in  them. 
A  logical  development  is  the  derivation  of  general 
principles,  so  that  when  an  estuary  not  previously 
studied  is  encountered  one  may  be  in  a  position  to 
predict  the  circulation  and  diffusion  in  it  from  a 
limited  number  of  parameters.  These  include  its  phys¬ 
ical  dimensions,  the  river  flow,  and  tidal  conditions. 


While  important  steps  have  been  taken  in  this  direc¬ 
tion,  the  complete  objective  has  not  yet  been  achieved. 

METHODS  OF  OBSERVATION 

A  survey  of  an  estuary  must  include  observations 
of  the  salinity  distribution  in  horizontal  position  and 
depth,  and  these  are  usually  combined  with  tempera¬ 
ture  observations.  The  traditional  sampling  methods 
with  insulating  or  reversing  bottles  have  been  widely 
used.  Such  samples  may  also  be  analyzed  for  o.  ygen 
content  and  for  other  chemical  constituents.  For  an 
adequate  coverage  of  the  region  in  a  limited  time, 
however,  the  introduction  of  in  situ  methods  has 
proved  to  be  very  practical.  The  sufficiently  accurate 
measurement  of  temperature  is  now  comparatively 
easy  by  using  the  bathythermograph,  platinum  resist¬ 
ance  thermometer,  or  thermistor  probes.  The  deter¬ 
mination  of  salinity  in  situ  is  more  difficult,  but  satis¬ 
factory  instruments  measuring  electrical  conductivity- 
have  been  devised,  such  as  those  described  by  Ketchum 
(1950),  Pritchard  (1952a),  and  Williams  (1960). 
Because  of  the  larger  variations  in  salinity  occurring 
in  an  estuary,  such  instruments  do  not  need  to  have 
so  high  an  accuracy  a;  those  designed  for  deep  sea 
work. 

While  certain  inferences  as  to  the  nature  of  the  cir¬ 
culation  can  be  drawn  from  salin.ty  observations  alone, 
direct  measurements  of  currents  »re  essential  for  a 
full  and  quantitative  understanding  of  the  processes 
involved.  Both  flow  methods  and  drift  methods  are 
used.  The  flow  methods  comprise  measurements  by 
current  meters  of  a  variety  of  types,  used  either  from 
an  anchored  vessel  or  from  a  moored  buoy.  Instru¬ 
ments  used  from  a  moored  buoy  either  store  the  meas¬ 
urements  in  the  form  of  photographic  records  or  on 
tape,  or  they  may  transmit  the  data  by  radio  to  a  re¬ 
ceiver  on  board  ship  or  on  shore.  Westbrook  (1962) 
described  an  investigation  in  New  York  Harbor  in 
which  the  measurements  from  four  radio  buoys,  each 
with  three  Roberts  current  meters,  were  received  on 
board  the  same  vessel. 

Drogues  of  various  types  have  been  used  for  drift 
experiments.  A  drogue  has  a  large  surface  area  and 
can  be  suspended  at  the  desired  depth  below  a  surface 
buoy.  The  buoy  offers  only  a  small  resistance  to  the 
flow  and  serves  simply  as  an  indicator  of  the  position 
of  the  drogue.  Surface  currents  have  been  studied 
also  by  photographing  the  drift  of  dye  patches  from 
the  shore. 
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ESTUARIES!  PHYSICAL  FACTORS 


Descriptions  of  the  measuring  instruments  and  of 
the  techniques  employed  in  using  them  for  estuarine 
investigations  have  been  given  by  several  authors,  in¬ 
cluding  studies  of  the  Chesapeake  Bay  system  by 
Pritchaid  ( 1952a),  and  Pickard’s  (1955)  studies  of 
the  British  Columbia  Inlets. 

The  total  flow  across  the  section  of  a  channel  may 
be  measured  by  the  electromagnetic  effect,  using  a 
pair  of  electrodes  connected  by  cable  to  a  recorder 
ashore.  This  method,  used  by  Trites  and  McGregor 
(1962)  across  passages  at  the  entrance  to  Passama- 
quoddy  Bay,  is  useful  for  determining  the  tidal  flow, 
but  does  not  detect  the  differentia]  flow  between  the 
upper  and  lower  layers  which  is  a  characteristic 
feature  of  estuarine  circulation. 

In  addition  to  observations  within  the  estuary  itself, 
a  knowledge  of  the  freshwater  inflow  is  necessary  for 
any  physical  study.  This  should  preferably  be  based 
on  actual  gauge  measurements  on  the  rivers  flowing 
into  the  estuary.  In  some  cases  such  measurements 
are  not  available  or  cover  only  a  fraction  of  the  total 
drainage  area.  The  inflow  from  the  ungauged  areas 
must  then  be  estimated,  either  by  comparison  with 
adjacent  gauged  areas,  or  from  rainfall  data  over  the 
area,  corrected  for  loss  because  of  evaporation  and 
other  causes.  Allowance  should  be  made  for  the  net 
gain  of  fresh  water  resulting  from  precipitation  and 
evaporation  over  the  estuary  itself.  Meteorological 
data  are  also  required  in  order  to  take  into  account,  for 
example,  the  effect  of  wind  on  the  circulation.  Pickard 
and  Trites  (1957)  used  data  on  the  flow  of  heat 
through  the  surface  of  the  water  passing  along  an 
estuary  to  determine  the  rate  of  flow  in  the  upper 
layer. 

Although  scale  models  have  not  been  used  for  es¬ 
tuarine  investigations  to  the  same  extent  as  they  have 
in  hydraulics  and  coastal  engineering,  there  are  a 
number  of  examples  of  very  useful  results  being  ob 
tained  from  them.  The  model  of  Delaware  Bay,  de¬ 
scribed  by  Pritchard  (1954a),  has  been  used  in  a 
series  of  studies  of  circulation  and  diffusion.  Similar 
use  has  been  made  of  the  Puget  Sound  model,  de¬ 
scribed  hy  Rattray  and  Lincoln  (1955).  The  model 
of  the  Thames  Estuary,  described  by  Inglis  and  Allen 
(1957),  showed  the  importance  cf  density  current  flow 
on  the  transport  of  bottom  material.  Simmons  ( 1960) 
has  discussed  the  principles  on  which  such  models 
are  designed,  the  scaling  laws  to  be  applied,  and  their 
limitations.  Some  degree  of  vertical  distortion  is  un¬ 
avoidable.  Tlie  river  flow  and  tidal  movements  are 
represented  on  length,  velocity,  and  time  scales  which 
are  related  because  the  Froude  number  is  constant. 
The  salinity  is  reproduced  on  the  natural  Kale,  since, 
if  fresh  water  is  used  for  the  river  inflow,  and  the 
seaward  end  of  the  estuary  is  kept  at  the  salinity  of 
sea  water,  then  the  salinity  distribution  is  modeled 
satisfactorily  throughout  the  estuary.  In  such  models 
it  is  possible  to  study  the  effects  of  changes  in  river 
flow  on  the  circulation,  and  to  study  the  movement 
and  dispersion  of  tracers  introduced  at  any  desired 
point.  A  wide  variety  of  conditions  can  be  studied 


in  a  comparatively  short  time.  It  is  also  possible  to 
investigate  the  effect  of  any  artificial  changes  in  the 
estuary,  such  as  those  of  proposed  engineering  works. 

TYPES  OF  ESTUARINE  CIRCULATION 

A  scheme  for  the  classification  of  estuaries  based  on 
the  physical  character  of  the  circulation  was  proposed 
by  Stommel  (1951,  unpublished;  1953a)  and  its  main 
features  were  adopted  by  Pritchard  (1952b,  1955)  and 
Ketchum  (1953)  in  reviews  they  made  of  the  knowl¬ 
edge  available  at  that  time.  Later  work  has  con¬ 
firmed  the  usefulness  of  this  method  of  classification 
which  is  essentially  that  followed  in  this  paper.  The 
basic  factor  in  determining  the  type  of  circulation  is 
the  role  played  by  tidal  currents  relative  to  that  of 
river  flow  in  the  estuary  in  question.  In  the  absence 
of  other  influences,  the  river  water  will  tend  to  flow 
seawards  as  a  layer  of  fresh  water,  separated  by  a 
fairly  distinct  interface  from  the  salt  water  below. 

Tidal  currents,  which  alone  do  not  result  in  any 
net  transport  of  water  over  a  complete  tidal  period, 
exert  a  profound  influence  through  the  turbulent  mix¬ 
ing  they  produce.  This  tends  to  break  down  the  inter¬ 
face  between  the  river  water  and  salt  water  and  pro¬ 
duce  a  mixing  of  the  two  waters  through  a  part  or 
whole  of  a  vertical  column.  In  an  extreme  case,  the 
vertical  mixing  may  be  so  thorough  that  there  is  no 
measurable  variation  of  salinity  from  surface  to  bot¬ 
tom.  A  part  of  the  tidal  energy  is  converted  into 
kinetic  energy  of  turbulence,  some  of  which  is  used 
to  increase  the  potential  energy  of  the  water  by  ver¬ 
tical  mixing.  A  part  of  this  potential  energy  then 
reappears  as  kinetic  energy  in  the  mean  estuarine 
circulation. 

The  interaction  between  the  river  flow  and  the 
tidal  currents  is  influenced  by  two  other  factors:  the 
physical  dimensions  of  the  estuary,  and  the  effect  of 
the  earth’s  rotation  represented  by  the  Coriolis  force. 
If  the  estuary  is  narrow  the  effect  of  the  Coriolis 
force  may  be  negligible,  but  in  a  wide  estuary  the 
lateral  variation  in  properties  because  of  this  effect 
can  be  considerable.  The  influence  of  depth  is  seen 
in  the  difference  between  circulation  in  a  shallow 
estuary  and  in  an  otherwise  similar  fjord.  The  main 
types  and  their  characteristics  are  listed  in  Table  1. 

Salt  Wedge  Estuary 

The  best  known  example  of  a  salt  wedge  estuary 
is  the  Mississippi,  where  the  river  flow  almost  com¬ 
pletely  dominates  the  circulation.  In  an  estuary  of  this 
type,  shown  schematically  in  Figure  1,  the  salt  water 
extends  as  a  wedge  into  the  river  and  if  friction  were 
completely  absent  the  interface  would  remain  horizon¬ 
tal  and  extend  upriver  to  the  point  where  the  bed  was 
at  sea  level.  In  fact  there  is  a  small  amount  of  friction 
between  the  layers,  and  the  interface  slopes  slightly 
downwards  in  the  upstream  direction.  The  steep  den¬ 
sity  gradient  at  the  interface,  amounting  to  a  discon¬ 
tinuity,  reduces  the  turbulence  and  mixing  to  a  very 
low  level.  The  effect  of  the  Coriolis  force  causes  the 
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Type 


Table  1.  Types  of  estuarine  circulation. 


Physical  processes 


Forces 


1.  Salt  wedge 

2.  Two-layer  flow  with  entrainment, 
including  fjords 

3.  T wo-layer  flow  with  vertical  mixing 

4.  Vertically  homogeneous 

(a)  with  lateral  variation 

(b)  laterally  homogeneous 

5.  Exceptional  cases:  intensive  mix¬ 
ing  in  restricted  sections,  tributary 
estuaries,  sounds,  straits,  etc. 


River-flow  dominant 

River-flow,  modified  by  tidal 
currents 

River-flow  and  tidal  mixing 
Tidal  currents  predominating 


Pressure  gradients,  field  accelerations, 
Coriolis  effect,  intcrfacial  friction 

Pressure  gradients,  field  accelerations, 
Ccriotis  effect,  entrainment 

Pressure  gradients,  field  accelerations, 
Coriolis  effect,  turbulent  shear  stresses 

P  assure  gradients,  field  accelerations, 
turbulent  shear  stresses,  Coriolis  effect 

in  (a) 


interface  to  slope  downwards  to  the  right  in  the  north¬ 
ern  hemisphere,  looking  towards  the  sea. 

Two-layer  Flow  with  Entrainment 

If  the  velocity  of  the  seaward-moving  layer  of  fresh 
water  exceeds  a  certain  value,  internal  waves  formed 
at  the  interface  will  tend  to  break  at  the  crests,  re¬ 
sulting  in  an  entrainment  of  salt  water  into  the  uoper 
layer.  Entrainment  is  a  one-way  process,  causing  a 
movement  of  salt  water  upwards  without  a  corre¬ 
sponding  downward  movement  of  fresh  water.  A 
number  of  theoretical  studies  and  model  investigations 
have  been  made  on  the  conditions  under  which  en¬ 
trainment  occurs  in  a  two-layer  flow.  The  application 
of  these  to  estuarine  circulation  is  discussed  later. 
The  salinity  of  the  water  in  the  upper  layer  is  in¬ 
creased  by  entrainment  and  its  volume  also  increases 
as  it  moves  seaward.  This  usually  results  in  an  in¬ 
creased  velocity  of  flow  rathet  than  an  increase  in  the 
depth  of  the  layer.  The  salinity  of  the  deeper  layer 
is  almost  unchanged,  but  there  is  a  slow  movement  of 
water  upstream  from  the  sea  to  compensate  for  the 
water  lost  by  entrainment.  The  conditions  in  such  an 
estuary  are  represented  in  Figure  2. 

Many  fjords  have  essentially  this  type  of  circula- 


Fig  1  Salt  wedge  estuary :  above — section  along  estu¬ 
ary  ;  below— typical  salinity  and  velocity  profiles. 


tion.  However,  it  is  unusual  for  the  interface  to  re¬ 
main  so  sharp  that  the  process  is  purely  one  of  en¬ 
trainment.  There  is  often  a  certain  amount  of  mixing, 
with  a  small  proport'on  of  low-salinity  water  from  the 
uppei  'aver  entering  the  layer  below.  The  interface 
is  then  replaced  by  an  intermediate  layer  of  steep 
salinity  gradient,  known  as  the  halocline.  This  type 
of  salinity  structure  was  described  for  the  Albemi 
Inlet,  British  Columbia,  by  Tully  (1949),  who  re¬ 
garded  the  base  of  the  halocline  as  a  level  across 
which  transfer  of  water  was  by  entrainment  only. 
Mixing  takes  place  within  the  halocline.  Most  of  the 
upstream  flow  occurs  in  the  intermediate  layer,  the 
bottom  layer  acting  mainly  as  a  reservoir  of  sea 
water  because  movements  in  it  are  very  slow.  Other 
students  of  the  flow  in  fjord-type  estuaries,  for  in¬ 
stance  Pickard  and  Rodgers  (1959),  have  shown  that 
in  the  deeper  parts  a  three-  or  four-layer  structure  is 
present  in  the  circulation. 

Two-layer  Flow  with  Vertical  Mixing 

In  comparatively  shallow  estuaries,  the  vertical 
mixing,  because  of  tidal  currents  of  increasing  amp’i- 


Fig.  2.  Two-layer  flow  with  entrainment :  above — sec¬ 
tion  along  estuary:  belcw— typical  salinity  and  velocity 
profiles. 
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S(A  Rive*  to  a  lateral  variation  of  salinity,  the  lower-salinity 


Fig.  3.  Partially  mixed  estuary  with  entrainment  and 
mixing :  above — section  along  estuary ;  below— typical  sa¬ 
linity  and  velocity  profiles. 


tude,  extends  throughout  the  depth,  mixing  the  fresher 
water  downwards  and  the  more  saline  water  upwards. 
There  are  still  two  layers  as  far  as  the  flow  is  con¬ 
cerned  ;  the  surface  of  no  motion  which  separates  the 
seaward-flowing  upper  layer  from  the  landward-flow¬ 
ing  lower  layer  usually  occurs  somewhat  above  mid¬ 
depth,  as  in  Figure  3.  There  is  no  marked  interface, 
but  the  salinity  profile  shows  a  continuous  increase  in 
salinity  from  surface  to  bottom,  the  maximum  gra¬ 
dient  occurring  near  the  level  of  no  net  motion.  The 
estuaries  of  the  Chesapeake  Bay  system  are  of  this 
type,  and  one  of  them,  the  James  River,  has  provided 
the  data  for  estuarine  studies  by  Pritchard  (1952a, 
1954b,  1956).  The  estuaries  of  the  River  Tees  (Alex¬ 
ander  el  al.,  1931,  1935)  and  the  Thames  River  (In- 
glis  and  Allen,  1957)  are  other  examples  of  this  type. 

Since  the  main  parameter  is  the  ratio  of  the  ampli¬ 
tude  of  tidal  currents  to  the  river  flow,  there  is  a 
wide  range  in  the  degree  of  stratification  occurring 
in  this  type  of  estuary.  In  some  the  total  increase  in 
salinity  from  surface  to  bottom  may  be  as  much  as 
10  %t,  wh..e  in  others  it  is  less  than  1  %e.  In  a  given 
estuary  there  may  be  large  variations  in  conditions 
with  changes  in  river  flow,  and  smaller,  but  signifi¬ 
cant,  differences  between  periods  of  spring  and  neap 
tides.  The  volume  of  water  concerned  in  this  type 
of  circulation  may  be  many  times  that  of  the  river 
discharge.  Thus  the  seaward  transport  in  the  upper 
layer  might  be  20  times  the  river  flow,  while  the  up¬ 
stream  transport  in  the  lower  layer  is  19  times  the 
river  flow. 

Vertically  Homogeneous  Estuaries 

If  the  tidal  currents  are  very  strong  in  relation  to 
the  river  flow  the  vertical  mixing  becomes  so  intense 
that  there  is  no  measurable  variation  in  salinity  from 
surface  to  bottom.  There  is,  of  course,  still  a  horizon- 
tal  gradient  of  salinity,  increasing  from  the  head  to 
the  mouth.  Estuaries  of  this  type  may  be  subdivided 
into  two  categories : 

Ifi/fb  Lateral  I’arialion — If  the  ratio  of  width  to 
depth  is  sufficiently  large,  the  Coriolis  force  gives  rise 


water  occurring  on  the  right-hand  side,  looking  to¬ 
wards  the  sea.  Associated  with  this,  there  is  a  net 
seaward  flow  of  lower-salinity  water  on  the  right 
hand  of  the  estuary  and  a  compensating  flow  of 
higher-salinity  water  on  the  left. 

Laterally  Homogeneous — In  estuaries  where  the  ra¬ 
tio  of  width  to  depth  is  relatively  small,  there  is  fre¬ 
quently  no  appreciable  variation  in  properties  across 
the  channel.  Stommel  (1953a)  suggested  that  in  this 
case  there  is  no  lateral  or  vertical  variation  in  the  net 
flow,  which  is  therefore  uniform  over  a  cross  section. 
He  postulated  that  the  upstream  transport  of  salt, 
which  is  necessary  to  compensate  for  the  seaward 
transport  due  to  the  river  flow,  must  take  place  en¬ 
tirely  by  horizontal  turbulent  diffusion.  As  Cameron 
and  Pritchard  (1963)  pointed  out,  however,  the  con¬ 
tinuing  existence  of  a  horizontal  density  gradient 
implies  that  the  horizontal  pressure  gradients  vary 
with  depth.  It  would  seem,  therefore,  that  a  variation 
of  net  flow  velocity  with  depth  should  not  be  excluded 
and,  in  that  case,  even  a  slight  degree  of  salinity 
stratification  might  enable  a  significant  transport  of 
salt  to  be  produced.  It  is  possible  that  earlier  investi¬ 
gators  have  regarded  as  insignificant  salinity  differ¬ 
ences  of  the  order  of  0.1  %c.  The  Severn  Estuary  has 
been  treated  as  a  completely  mixed  estuary,  although 
observations  have  shown  that  vertical  differences  of 
salinity  up  to  0.5  %o  can  occur  (Bassindale,  1943a,  b). 

Exceptional  Cases 

It  will  be  recognized  that  there  is  an  almost  con¬ 
tinuous  spectrum  of  estuarine  circulation  patterns  and 
that  there  are  gradual  transitions  between  the  types 
listed  above.  Some  estuaries,  however,  have  excep¬ 
tional  features  which  do  not  allow  them  to  be  fitted 
into  the  general  scheme.  In  some  estuaries  nearly  all 
the  mixing  occurs  in  a  very  limited  section.  Hachey 
(1935)  described  the  intensive  mixing  occurring  in 
the  “reversing  falls”  in  the  gorge  of  the  St.  John 
River,  New  Brunswick.  The  investigations  of  Stom¬ 
mel  on  the  controlling  action  of  a  restriction  in  an 
estuary  are  mentioned  later  in  this  paper.  Stommel 
( 1953a)  has  also  described  the  effect  of  a  promontory 
in  promoting  horizontal  mixing  by  producing  an  eddy, 
first  on  one  side  and  then  on  the  other,  in  the  alter¬ 
nating  tidal  flow.  Such  geomorpholcgical  features 
must  frequently  affect  the  mixing  processes  in  an  es¬ 
tuary,  and  if  not  taken  into  account  specifically  they 
may  give  rise  to  abnormal  values  of  an  effective  co¬ 
efficient  of  horizontal  diffusion. 

Other  complex  cases  may  occur  where  a  number  of 
estuaries  are  tributaries  to  a  large  estuarine  system, 
as  in  the  Chesapeake  Bay  area.  Carpenter  ( I960) 
has  described  the  condition  in  Baltimore  Harbor  and 
the  exchange  flow  with  the  adjacent  Chesapeake  Bay. 
Owing  to  effective  vertical  mixing,  the  vertical  salin¬ 
ity  gradient  is  low  in  the  harbor,  and  the  salinity 
decreases  towards  the  bay  near  the  surface  and  in¬ 
creases  towards  the  bay  near  the  bottom.  A  three- 
layer  pattern  of  flow  results,  with  water  moving  to- 
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wards  the  harbor  in  both  the  surface  and  bottom 
layers  and  outwards  at  mid-depth.  The  whole  of  the 
Bay  of  Fundy  was  considered  as  one  estuary  by 
Ketchum  and  Keen  (1953). 

The  conditions  in  certain  straits  and  sounds  com¬ 
municating  with  the  sea  by  two  or  more  separate 
channels  also  resemble  those  in  an  estuary,  with  some 
complicating  features.  In  Long  Island  Sound  the 
communication  with  the  sea  is  predominantly  through 
one  channel  (Riley,  1952).  In  Georgia  Strait  (Pick¬ 
ard,  1956)  and  the  Strait  of  Juan  de  Fuca  (Herlin- 
veaux  and  Tully,  1961)  the  communication  with  the 
(Kean  is  more  complicated  and  irregular  depth  and 
topography  add  to  the  complexity. 

BASIC  PRINCIPLES  OF  CIRCULATION 
AND  MIXING 


Before  going  on  to  a  quantitative  discussion  of  cir¬ 
culation  and  mixing  problems,  it  is  convenient  to 
consider  the  basic  principles  controlling  them.  These 
arc  expressed  by  the  equations  of  motion  of  the  water 
and  the  equations  of  continuity  of  volume  of  water 
and  mass  of  salt.  Let  rectangular  axes  be  taken  with 
OX  and  OF  in  a  horizontal  plane,  near  the  free  sur¬ 
face,  OX  being  along  the  axis  of  the  estuary,  positive 
seawards,  OY  across  the  estuary  and  OZ  vertically 
dowT.wards.  Let  u,  v,  w  be  the  components  of  mean 
velocity  at  the  point  (x,  y,  z)  at  time  I.  Then  the 
equations  of  motion  may  be  written : 
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where  (DiDt)  =  (3  dt)  +  [u  (d.djr)]  4-  [r  (d/'dy)] 
+  [re  (dids)  ].  /  =  2«  sin  <p  is  the  Coriolis  parameter, 
p  is  the  pressure,  a  is  the  specific  volume  (a  =  1/p. 
where  p  is  the  density),  g  is  the  acceleration  due  to 
gravity  and  t>,  is  the  stress  on  a  plane  perj>endicular 
to  OX  acting  in  the  OY  direction.  In  these  equations 
the  stress  components  r„,  etc.,  are  nearly  always  en¬ 
tirely  a  result  of  the  turbulent  stresses,  since,  except 
very  near  the  Itoundaries,  the  tresses  due  to  mo¬ 
lecular  viscosity  are  several  o  ders  of  magnitude 
smaller.  Then,  if  u.  v',  to'  are  the  components  of 
turbulent  velocity  at  any  instant,  r,,  =  p  (*"*)  —  p 

(n't  '),  etc.  where  ( )  denotes  an  average  over  the  time 
taken  for  computing  the  mean  velocity.  The  remain¬ 
ing  Coriolis  terms  and  the  vertical  acceleration:;  ..my 
be  shown  to  be  negligible  and  liave  been  omitted. 

The  equation  of  continuity  of  volume  is 


(4) 


where  Kx,  Kw,  and  K,  are  the  coefficients  of  eddy  dif¬ 
fusion  in  the  x,  y,  s  directions  respectively.  As  in  the 
case  of  viscosity,  the  molecular  diffusivity  can  nearly 
always  be  neglected. 

In  an  estuary  it  is  often  assumed  that  the  trans¬ 
verse  velocities  are  very  small  compared  with  those 
along  the  estuary,  so  that  the  terms  involving  v  in  the 
above  equation  may  be  neglected. 

From  equation  (3),  the  hydrostatic  equation,  the 
pressure  at  depth  s  is  given  by 

P  -  P>  +  tf  ,p  d*.  (&) 

•  J  -f 

when  pt  is  the  atmospheric  pressure  and  £  is  the  ele¬ 
vation  of  the  free  surface  above  the  level  surface  taken 
as  reference.  It  will  be  assumed  that  pt  is  uniform, 
so  that 
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where  p,  is  the  density  at  the  surface,  and  there  is  a 
similar  equation  for  dpldy. 

The  density  p  is  a  function  of  salinity  S,  tempera¬ 
ture  6,  and  pressure,  thus 


p-dS.t.p).  (8) 

In  an  estuary,  the  variation  of  p  with  p  may  be  neg¬ 
lected,  and  very  often  the  dependence  on  9  is  of  little 
importance  compared  with  that  on  S.  In  that  case  it 
is  sufficient  to  take  p  as  being  a  linear  function  of  S. 
that  is 


p  *•,•?.  +  n-S.  (9) 

where  a  is  a  constant. 

The  complete  solution  of  the  estuarine  circulation 
problem  would  involve  solving  equations  (1)  to  (5) 
with  (7)  and  (8)  or  (9).  The  velocity  components 
depend  on  the  pressure  gradients,  which  are  functions 
of  the  density  distribution.  The  density  is  a  function 
of  salinity  and  the  distribution  of  salinity  depends  on 
the  velocities,  thus  completing  the  system.  Very  few 
attempts  have  been  made  to  present  a  theory  of  estu¬ 
arine  circulation  treating  it  as  a  closed  *v«tem.  In 
some  methods  the  density  distribution  is  assumed  to 
be  given  by  observations,  and  the  circulation  is  de¬ 
rived  from  it.  In  others  the  circulation  is  regarded  as 
given,  and  its  effect  on  the  distribution  of  salinity  is 
calculated. 


OVERALL  ANAL'*?!::  or  MIXING 

Mzr.-  —  ur*i»  have  been  devised  for  computing  the 
at  which  river  water  is  flushed  out  of  an  estuary, 
and  thereby  estimating  the  raie  of  removal  of  a  pollu¬ 
tant  introduced  into  it.  Fresh  water  usually  is  used  as 
a  tracer.  No  attempt  is  made  in  these  methods  to  un¬ 
derstand  the  dynamics  of  the  circulation  or  the  detail* 
of  the  diffusion  processes. 


The  equation  of  conservation  of  salt  may  be  written  Ft  "him.  Ttue 

PS  d  ( *S\  d  (  dS\  d  (  dS\  Let  tlfe  rate  of  influx  of  fresh  water  be  R  and  let 

Pt  m  a*  tx)  +  dy  *y)  +  a*  \ 1  a*/’  /•  be  the  total  volume  of  freah  water  accumulated  in 
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the  estuary.  If  S,  it  the  salinity  of  the  water  outside 
the  estuary  which  is  available  for  mixing  and  5  is  the 
salinity  at  any  point  inside,  the  freshwater  content  at 
that  point  is  given  by 

(10) 

The  accumulated  volume  of  fresh  water  is  then  given 

by 

F  -  ol),  (11) 

where  the  integration  is  carried  out  over  the  total 
volume.  A  steady  state  is  assumed,  so  that  R  repre¬ 
sents  also  the  rate  at  which  fresh  water  is  being  re¬ 
moved  from  the  estuary.  Then  the  flushing  time  1 
it  the  time  taken  to  remove  the  accumulated  vJume 
of  fresh  water  present  at  a  given  instant  at  this  rate. 
Thus  I  is  given  by 

"»> 

Half  this  time  is  sometimes  referred  to  as  the  mixing 
half-life  of  the  estuary.  An  estimation  of  the  flushing 
time  therefore  requires  a  knowledge  of  the  river  flow 
and  of  the  salinity  as  a  function  of  depth  at  a  suffi¬ 
cient  number  of  positions  within  the  estuary. 

The  flushing  time  as  calculated  in  this  way  may  be 
applied  rigorously  to  a  pollutant  only  if  it  is  intro- 
dnced  into  the  estuary  in  the  same  way  as  the  fresh 
water.  Thus  if  practically  all  the  fresh  water  enters 
by  a  river  at  the  head  of  the  estuary  and  the  pollutant 
is  also  introduced  at  this  point,  the  flushing  time  so 
calculated  should  apply  closely  to  the  pollutant.  If, 
however,  the  pollutant  is  introduced  into  another  part 
of  the  estuary,  the  flushing  time  for  it  may  be  different. 

The  length  of  the  flushing  time  depends  on  the  river 
discharge.  The  salinity  distribution  usually  adjusts 
itself  in  such  a  way,  however,  that  F  increases  to  some 
extent  with  increasing  R.  and  the  proportionate  de¬ 
crease  in  the  flushing  time  is  less  than  the  increase  in 
the  river  discharge.  For  New  York  Bight,  Ketchum 
(1950)  found  that  the  flushing  time  varied  only  be¬ 
tween  6  and  1 1  days  while  the  river  discharge  varied 
from  0.5  to  4  X  10*  ft*  day. 

Two-layer  Model 

If  it  is  assumed  that  the  exchange  of  water  between 
the  estuary  »;»d  the  sea  takes  pi  ice  entirety  by  advec- 
tion.  horizontal  diffusion  beta*’  negligible,  then  the 
rate  of  flow  can  be  calculated  iron  a  knowledge  of 
the  mean  salinity  of  the  inflowing  and  outflowing 
layers  and  the  freshwater  inftuc.  In  Figure  4.  let 
T,  he  the  volume  transport  and  .V,  the  salinity  in  the 
outflowing  water  and  Tv  5,  the  corresponding  quan¬ 
tities  for  the  inflowing  water. 

Then  expressing  the  conditions  for  continuity  of 
water  and  of  salt  respectively. 

r,  -  r,  -  R. 

tvs,  -  r*v 


Fig.  4.  Two-layer  exchange  of  water  between  an  estu¬ 
ary  and  the  sea. 


Th. 


—  SiR  — .  S\R 

*  mS,-S ,•  ‘  m  St  -  SF 


(13) 


If  the  cross-sectional  areas  of  the  two  layers  are 
known,  the  mean  velocities  of  flow  may  be  calculated. 
If  y  is  the  total  volume  of  water  contained  in  the 
estuary,  the  flushing  time  is  grren  by 


V  V(S,  -  S ,) 
"  ri  "  SJR 


(14) 


The  assumption  made  implicitly  here  is  that  all  the 
water  ertering  in  the  lower  layer  is  mixed  completely 
with  the  water  inside  the  estuary  before  leaving  it 
again.  If  the  pollutant  has  a  density  less  tlian  that  of 
the  estuary  water  it  may  remain  in  the  upper  layer 
and  be  removed  from  the  estuary  more  rapidly  than 
the  above  calculation  would  suggest.  An  estimate  of 
its  rate  of  removal  can  be  obtained  from  the  velocity 
computed  for  the  upper  layer. 


Tidal  Prism  ash  S fomentation  Methods 

The  two  methods  described  above  make  us*’  oi  ob¬ 
servations  oi  salinity  anil  the  river  flow  and  do  not 
consider  tidal  movements,  li  these  are  present,  the 
methods  may  still  be  applied  to  average  conditions 
over  oi  or  more  tidal  |>criods.  allowing  implicitly  for 
the  tidal  effects  in  the  exchange  processes.  An  alter¬ 
native  approach,  in  estuaries  where  the  tidal  move¬ 
ments  ap|*ear  to  he  the  main  mixing  process,  is  to 
attcni|>t  to  calculate  the  rate  of  exchange  front  data 
on  (lie  tides  ami  the  physical  dimensions  only.  In  the 
"tidal  prism”  method  it  is  assumed  tlut  all  the  water 
entering  <hn  mg  the  flood  tide  becomes  completely 
mixed  with  the  water  in  the  estuary,  and  the  ebb  flow 
consists  of  this  mixed  water.  If  I'  is  the  total  volume 
of  th>-  estuary  at  low  water  and  /’  is  the  volume  of 
water  entering  on  the  flood  (the  "intertidal  volume”  ). 
then  a  fraction  P  (i'  +  P)  of  the  mean  volume  of 
water  is  removed  each  tide,  so  thi’  the  flushing  time 
I  in  tidal  periods  is  given  by 


This  method  can  give  only  a  lower  limit  to  the 
flushing  time  because  the  assumption  of  complete  mix 
ing  in  each  tidal  period  may  not  be  justified  In  some 
estuaries  the  flushing  time  given  by  the  method  de¬ 
scribed  rarlter  in  this  section  is  ten  times  that  esti¬ 
mated  by  the  tidal  prism  method 


cuctlation  and  diffusion 
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A  refinement  of  this  method  was  introduced  by 
Ketchuni  (1951 )  who  divided  the  estuary  into  a  series 
of  segments,  the  length  of  each  being  equal  to  the  tidal 
excursion.  Complete  mixing  was  assumed  to  take 
place  within  each  segment,  and  an  "excliange  ratio" 
was  defined  for  it.  Thus  if  l —  low  tide  volume  of 
the  a11'  segment  and  l\  Inc  corresponding  intert.dal 
volume,  the  excliange  ratio  r.  is  given  by- 


superimposed  on  the  river  flow  and  K,  assumed  to 
have  the  form 

K.  -  IBf.U.,  (19) 

where  £,  =  amplitude  of  horizontal  tidal  displacement, 
f  =  amplitude  of  the  tidal  current,  and  B  is  a  can* 
stant.  It  may  be  shown  that,  in  the  simplified  condi¬ 
tions  assumed.  K,  becomes 


r. 


P. 

p.  +  IV 


(16) 


It  may  be  shown  that  the  volume  of  river  water  ac¬ 
cumulated  in  the  segment  is  given  by 


<? 


( I?) 


where  R  is  the  river  discharge  per  tidal  period.  The 
accumulated  volume  of  fresh  water,  and  hence  the 
salinity,  may  thus  be  computed  as  a  function  of  dis¬ 
tance  along  tlie  estuary.  If  observations  of  salinity- 
show  that  mixing  is  confined  to  an  upper  layer,  then 
the  volume  of  this  layer  only,  and  not  the  complete 
volume  of  the  segment,  should  be  used  in  computing  r„. 

Ketchum  applied  the  method  to  the  Raritan  River, 
New  Jersey.  Albemi  Inlet.  British  Columbia  (for 
which  only  the  up|>er  layer  down  to  30  ft.  was  taken 
into  account),  and  Grand  Bond,  Falmouth.  Massa¬ 
chusetts  (mixed  layer  taken  as  extending  to  half¬ 
depth),  and  good  agreement  was  found  with  the  ob¬ 
served  distribution  of  salinity  in  each  case.  The 
method  was  applied  by  Ketchum  and  Keen  ( 1953) 
to  I’assanuquoddy  Bay  and  to  the  whole  of  the  Bay 
of  Fundy,  where  the  authors  found  good  agreement 
between  the  values  of  r.  computed  from  equation  ( 16) 
and  from  r„  =  R  w'-rre  F  was  estimated  from  the 
observed  distribution  of  salinity.  This  agreement  con¬ 
firms  the  validity  of  the  assumption  that  complete 
mixing  occurs  within  each  segment  during  each  tide. 

The  attraction  of  this  method  of  estimating  the 
flushing  characteristics  is  that  it  requires  only  a 
knowledge  of  the  mean  range  of  tide,  the  river  flow, 
ami  the  topogra|>hv  of  the  estuary.  A  knowledge  of 
the  salinity  distribution  is  not  required. 


M  IMXC  Lzxr.TH  TllCOIV 

The  hasic  nleas  of  Ketchum's  method  were  trans¬ 
lated  by  Arons  and  Stommel  i  I '*5 1  t  into  the  'lan¬ 
guage  of  the  jdiysies  of  conlmua"  They  considered 
a  mode!  estuary  of  uniform  width  t»\  depth  //.  and 
length  /..  The  OX  axis  was  lakrn  along  the  estuary, 
pnsitiv  f  downstream,  with  I  O  j|  the  nver  end 
and  i  =  /.  at  the  sea  end.  the  salinity  there  being  Sr 
Co*  mlertng  average  values  over  a  cross  section,  the 
equation  of  continuity  of  salt  takes  the  form 


where  d  is  the  mean  velocity  due  to  the  river  dis¬ 
charge  and  K,  the  coefficient  ol  horizontal  eddy  dif 
fusion  The  tides  were  regarded  as  a  turbulent  motion 


_  2  flf.W 

"  IP  ' 


(20) 


where  is  the  vertical  amplitude  of  the  tide  and  « 
its  angular  frequency.  The  salinity  distribution  along 
the  estuary  is  given  by 

5  -  (21) 

where  A  —  x  I.  and  f  is  a  "flushing  number”  given  by 


F  m 


urn 


(22) 


Comparing  the  theoretical  curves  with  observed  dis¬ 
tribution.  the  authors  found  that  the  curve  with  F  = 
0.08  fitted  the  Raritan  River,  and  F  =  0.3  the  Albenii 
Inlet.  An  attempt  to  calculate  B,  however,  led  to  an 
order  of  magnitude  difference  between  the  two  cases. 


Effective  Homzontai.  Diffcsivity 


Altliough  the  theories  of  Ketchum  and  of  Arons  and 
Stommel  gave  satisfactory  results  for  certain  estu¬ 
aries,  Stommel  ( 1953b  i  found  that  they  were  quite 
inadequate  in  other  cases  and  in  particular  when  ap¬ 
plied  to  the  Severn  River.  England  Stommel  sug¬ 
gested  that,  from  a  practical  point  of  view,  the  best 
procedure  i-  to  use  the  distribution  of  river  water  as 
a  means  of  determining  the  effective  coefficient  of 
liorizontal  diffusion  at  a  series  of  cross  sections  and 
then  to  apply  these  coefficients  to  problems  of  pollu¬ 
tion  in  the  estuary.  He  stated  that  the  method  was  in- 
1  (ruled  to  apply  only  to  unstratified  estuaries  in  which 
the  mixing  was  due  to  the  tides.  From  equation  (18) 
it  follows  that,  in  the  steady-  stale,  the  effective  value 
of  K,  at  a  given  section  is 

K.  -  RS  A  **  (23) 


where  A  is  the  cross -sect tonal  area,  since  I  —  RtA 
For  a  nan-conservative  pollutant  of  decay  time  r 
•  time  for  concentration  to  fall  to  1 V*  of  its  initial 
value  I.  the  cteicenlraf  on  «-  is  given  by 

except  at  the  outfall  where  the  right-hand  side  = 
the  total  rate  of  influx  of  pollutant 

Equation  <  J3  i  may  be  expressed  in  finite  difference 
form  and  applied  to  the  salinity  observations  to  com¬ 
pute  K ,  at  a  series  of  sections  along  the  estuary  The 
distribution  of  a  pdlutam  resulting  from  its  release 
at  a  given  section  mar  then  be  computed  from  (i«  ». 
also  ir  finite  difference  form.  Stommel  illustrated  thr 
use  of  the  method  by  apply  mg  it  to  the  Severn. 
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Other  Methods 

A  method  similar  in  principle  to  StommeTs.  but 
entirely  different  in  its  formulation,  was  devised  by 
Preddy  (1954)  in  relation  to  the  mixing  processes  in 
the  Thames  Estuary.  He  assumed  that  the  water  ini¬ 
tially  concentrated  at  a  given  section,  at  position  r, 
would  after  one  tidal  period  be  dispersed  over  the  dis¬ 
tance  from  x  —  L  to  x  +  L,  where  L  is  approxi¬ 
mately  equal  to  the  amplitude  of  horizontal  movement 
due  to  the  tide.  The  dispersion  may  be  represented  by 
a  dispersion  curve  which  is  usually  asymmetrical, 
since,  for  example,  dispersion  may  take  place  more 
readily  downstream  than  upstream  of  the  section.  The 
distribution  after  a  number  of  periods  is  the  cumu¬ 
lative  effect  of  the  repeated  application  of  the  dis¬ 
persion  curve.  Preddy  showed  that  for  this  purpose 
the  actual  shape  assumed  for  the  dispersion  curve  is 
unimportant,  and  may  be  adequately  approximated  as 
shown  in  Figure  5 

Of  the  water  initially  at  a  given  section,  after  one 
period  a  fraction  Px  L  uniformly  dispersed  over  a 
distance  l.  to  seaward,  a  fraction  P.  uniformly  dis¬ 
persed  over  a  distance  I.  upstream  and  the  remainder. 
1  —  Pi  —  P*.  left  in  its  original  section.  By  applying 
the  conditions  of  continuity  of  salt  and  of  water  to 
steady  state  conditions,  Preddy  derived  equations  for 
computing  ,Y  and  >'.  where  X  ~  A  /’,  and  Y  =  A  Pt 
(A  —  cross-sectional  area),  from  the  river  Wow  and 
distribution  of  salinity.  Average  values  of  river  dis¬ 
charge  and  salinities  at  lialf-tide  over  a  period  of  a 
year  were  used  X  and  Y  were  found  to  increase 
steadily  towards  the  sea.  although  and  Pz  varied 
irregularly  where  the  cross  section  was  irregular.  The 
method  was  verified  by  using  the  values  cf  A*  and  )’ 
so  found  to  compute  changes  in  salinity  distribution 
resulting  from  given  changes  in  river  flow.  The 
change  in  concentration  <  of  any  substance  in  one 
interval  of  time  is  given  by 

**  - 1  [/.‘  7  ••>)»> 

The  method  r.-iay  then  be  used  to  compute  the  distri¬ 
bution  of  concentration  of  an  effluent  discharged  at  a 
given  point.  A  further  development  oi  the  method  was 
described  by  Freddy  and  W  ebber  (  !9fvJl.  It  permits 
the  distribution  of  various  non  conservative  quanti¬ 
ties.  such  as  dissolves!  oxigen,  animomaeal  nitrogen, 
and  oxidized  nitrogen,  to  be  computed  The  equations 
were  esprvxMv!  tn  matrix  form  for  solution  by  digital 
computer. 

A  somewhat  stimlar  mathematical  model  has  been 
densest  by  IVyreste.n  i  19G0)  for  the  longitudinal 
spreading  of  dissolved  or  suspended  matter  along  an 
estuary  in  the  steads  state  The  estuary  is  divided 
into  a  series  of  se-jments  and  exchange  factors  intro¬ 
duced  to  represent  the  turbulent  and  tidsl  mixing  be 
tween  segments  Another  parameter  allows  foe  Irani 
port  hy  the  residual  tiow.  If  the  volume  of  the  ■'* 
segment  is  I',  and  the  mean  concentration  in  it  of 
the  substance  mnsidn-rd  is  then  the  change  in  con 
. miration  occurring  ir  a  time  interval  it  I  pteterahlv 


one  or  one-half  tidal  cycle)  is  assumed  to  be  given 
by  the  linear  difference  equation 

l\dc.  -  +  c.)  +  O.  JLC.-  -  c.)||,  (26) 

where  the  sum  is  taken  over  all  segments  u'  (normally 
two)  bordering  on  segment  ■;  e,  and  c„.  refer  ro  the 
beginning  of  the  interval ;  the  coefficients  Rm  »  repre¬ 
sent  net  water  fluxes  towards  m;  and  Z)..„  arc  ex¬ 
change  factors.  The  values  of  D,  ,  can  be  determined 
front  the  mean  distribution  of  salinity. 

In  carrying  out  the  computation.  Dorrertein  con¬ 
sidered  first  a  number  of  basic  initial  distributions, 
so  that  the  concentration  c  is  zero  in  all  sections  ex 
cept  one,  section  m,  where  it  is  1.  The  distribution 
resulting  from  this  at  time  /  is  denoted  by  y„  (t). 
When  the  y„«  values  have  been  found,  the  distribu 
tion  at  time  )  arising  from  any  other  initial  distribu¬ 
tion  can  be  computed  from  the  linear  superposition 

<•(/)  -  2  r-(*)y«40  d"  i 

• 

The  method  has  been  applied  to  the  Kms  Estuary. 

QUANTITATIVE  TREATMENT  OF 
CIRCULATION  AND  MIXING 

Theoretical  studies,  laboratory  experiments,  and  the 
analyses  of  full-scale  observations  have  all  been  used 
for  investigating  the  dynamics  of  estuarine  circulation. 
Tidal  currents  play  an  important  part  in  most  types 
of  estuarine  circulat  on.  but  the  dynamics  of  tidal 
movements  will  not  be  considered  here.  The  currents, 
as  they  occur  in  a  particular  estuary,  will  be  regarded 
as  part  of  the  physical  environment. 

Salt  Wbci  Estuary 

Several  laboratory  investigations  and  theoretical 
studies  have  been  made  of  salt  wedge  estuaries.  Keu- 
legan  l  1949)  described  a  series  oi  model  experm-  its 
in  which  the  velocity  in  the  upper  layer  was  vai  .cd 
At  very  low  velocities  the  interface  remained  distinct 
and  smooth.  At  slightly  higlier  velocities  internal 
waves  formed  at  the  interface  and  at  a  certain  critical 
velocity  f ihe  crests  of  the  waves  broke,  allowing 
dements  of  the  denset  liquid  to  he  entrained  in  the 
upper  layer  flow,  f could  he  expresied  in  terms  of  a 
parameter  0  given  by 


where  r-,  —  viscosity  of  the  liquid  m  the  lower  layer, 
is  the  difference  in  density  between  the  layers,  pi  the 
density,  and  ('  the  velocity  of  flow  in  the  upper  layer 
For  Reynolds  numbers  ahove  450.  I corresponded  W* 
1-0  ir«t.  At  velocities  above  Ihe  critical  valor,  thc 
rate  of  entrainment  cor  rexfxexled  to  an  upward  i eb» 
its  a  across  the  interface,  given  by 

»-  >5X  KMC  -  f <!9< 

The  additional  frictional  drag  due  to  the  entrainment 
was  found  to  he  very  small,  rorresprevding  to  an  in 
crease  in  the  drag  coefficient  of  less  than  (UWf 
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<«)  distance  along  estuary 


F'ig.  5.  curve  method  of  representing  ImruunUi  mixing  ( I’mldy  and  Webber.  1%J)  (a)  A  rcctangsilar 

JiStributKxt  and  a  triangular  Tntriwtxw  with  equal  first  moments  and  eqisd  second  moments.  ( b )  Distribution  after 
two  mixes,  (c)  Distribution  ufter  tTree  mixes.  < d )  Qxaen  representation  at  the  mixing  in  the  Thames  Estuary. 
The  proportion  P,  is  distributed  uniformly  over  the  distance  L  to  seaward.  The  proportion  P.  is  distrihujed  uniformly 
over  the  distance  L  to  landward.  Tie  remainder  stays  at  O. 

Kculcgan  cmphasircd  that  caution  would  he  needed  luund  when  she  equation  was  used  to  compute  the 
in  apply mg  his  results  to  large  bodies  of  water,  since  distance  of  saltwater  intrusion  into  estuaries  such  as 
the  experiments  really  applied  only  to  an  "initial  the  Raritan  KiveT,  New  Jersey,  where  the  turbulent 
reach"  in  which  steady  flow  conditions  had  prohabfy  mixing  is  quite  large.  In  making  this  application  it 
nut  been  attained.  At  the  same  time  his  work  was  was  assumed  that  the  maximum  intrusion  of  salt 
very  valuable  >n  demcn>traling  the  basic  features  in  water  was  equal  to  the  lengih  oi  a  stationary  salt 

the  des dupment  of  this  tsjw  of  flow.  wedge.  and  that  the  salt  content  of  a  verticil  column 

Another  series  of  experiments  in  a  laboratory  flume  of  water  was  the  same  whether  the  salt  was  confined 

was  carried  out  by  Farmer  f  1951.  unpublished  i  He  to  a  wedge  or  mixed  throughout  t'ie  column, 

investigated  Use  factors  influencing  the  length  and  A  theoretical  analysis  of  salt  wedge  flow  was  made 
shape  of  the  wedge  and  made  measurements  of  the  by  F'armrr  and  M>>rgan  i  1*153 1 .  based  on  the  cqua 
velocity  profile  hath  in  the  upper  laser  and  within  the  lions  of  mutual  and  contimuts  for  each  laser  The 
wedge.  Just  hdow  the  interface  the  denser  water  existence  of  a  sharp  interface  between  the  fresh  water 
mused  forward  with  die  overlying  User,  but  below  and  the  salt  weslgc  was  assumed,  with  no  mixing  hr- 
this  there  was  a  slow  drift  in  'he  opposite  direction  tween  the  lasers  It  wav  also  assumed  that  the  iduc- 

\n  empir.cal  equation  was  derived  which  represented  tty  within  the  wevlge  was  small,  that  there  was  nr. 

well  the  profile  of  the  salt  wedge  produced  under  friction  it  the  surface  or  the  hatorr.  but  that  there 

varying  conditions  of  upper  layer  discharge  and  den-  was  a  fraeluatal  stress  at  the  interlace  given  by  T.  rr 
sits  difference  in  the  model  experiments.  When  applied  A  y,  f.*  where  f,  is  the  mean  sriucitv  ist  the  irrsh 
to  rnlittons  in  the  Mississippi  Kstuary.  however,  water  laser  at  the  tip  d  the  wedge  and  A'  is  a  drag 
this  equation  predicted  lengths  i«.r  the  wedge  which  cnrflirrcnl  which  dors  not  vary  along  the  wedgr 
wrete  much  too  smalt:  Ifi  5  miles  instead  of  45  miles  IjjiuIkiiu  were  derived  for  the  shape  of  the  wedge 
for  the  length  above  the  Head  of  Passes,  for  instance  and  for  its  length  a«  a  function  of  the  discharge  in 
Farmer  suggested  that  this  prediction  might  he  doe  the  urprr  laser  and  ihr  relative  dmsits  diflerence  y 

to  the  shearing  stresses  hrrng  incorrectly  scaled  where  y  =  >p7  —  pi  1  p»  T:w  eqoalnwi  for  the  w-edge 

Rather  surprisingly,  considerably  better  agree  nit  i  it  was  profile  gave  results  m  agreement  with  the  obsersa 
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Fig.  6.  Profile  of  a  salt  wedge:  comparison  of  results  from  theory  and  observations  (Farmer  and  Morgan,  1953). 
On  left  of  graph:  surface  =  1.0,  bottom  =;  0.  The  solid  line  is  the  form  of  the  interface,  derived  from  theory.  X1 
=  O  at  the  upstream  tip  of  the  wedge ;  L  is  the  length  of  the  wedge.  O’s  refer  to  Mississippi  River  Southwest  Pass 
and  X's  refer  to  a  model  experiment. 


Cions,  both  in  the  laboratory  experiments  and  in  the 
Mississippi  (Fig.  6).  The  equation  for  the  length  of 
the  wedge  gave  agreement  with  the  Mississippi  re¬ 
sults  if  the  friction  coefficient  K  was  taken  as  0.001, 
whereas  for  the  experimental  data  a  value  of  0.006 
was  required. 

An  important  parameter  in  these  studies  is  the 
interfacial  Froudc  number,  defined  by 


Fi 


(30) 


where  u  is  the  velocity  in  the  upper  layer  and  D  its 
depth,  in  his  experiments  Farmer  found  that  the  flow 
adjusted  itself  so  that  at  the  transition  from  the  flume 
to  the  saltwater  reservoir  Ft  =  1  approximately. 
This  was  also  found  to  hold  at  the  section  of  the 
jetties  in  Southwest  Pass  on  the  Mississippi.  For  a 
given  discharge  and  density  difference,  equation  (30) 
enables  computation  of  the  depth  of  the  upper  layer 
at  the  transitional  section  (Stomnte!  and  Farmer, 
1052). 


Two-i.avkr  Flow  with  Entrainment 

The  quai.tative  features  of  flow  with  entrainment 
and  the  obset  rations  of  Tully  (1949)  in  Alberni  Inlet, 
British  Columbia,  were  mentioned  earlier.  A  the¬ 
oretical  treatment  of  the  flow  in  a  two-laver  model 
was  given  by  Stommel  (1951  unpublished,  1953a) 
and  Stommel  and  Farmer  (1952).  The  lighter  water 
is  assumed  to  lie  flowing  seawards  over  a  lower  layer, 
which  is  very  deep,  has  a  uniform  density  ps,  and  in 


which  the  velocity  is  very  small.  Entrainment  is  as¬ 
sumed  to  occur  by  the  upward  movement  of  deep 
water  across  the  interface,  but  there  is  no  downward 
movement  of  the  lighter  water.  The  density  px  in  the 
upper  layer  therefore  increases  seawards,  approaching 
the  value  p->  as  x  — >  oo.  In  the  equation  of  motion 
for  the  upper  layer,  the  field  acceleration  and  pressure 
gradient  terms  are  retained,  but  frictional  stresses  are 
neglected.  From  this  equation  and  considerations  of 
continuity  of  mass  and  conservation  of  salt,  it  is  found 
that 


£  [£>p.(*/»  +  \ygD))  -  0,  (31) 


where  u  —  velocity  in  the  upper  layer,  D  —  depth  of 
upper  layer,  and  y  —  (pi  —  pi)  lp2.  By  introducing 
Q,  die  rate  of  mass  transport,  given  by  Q  =  Dpi  u, 
the  above  equatio"  becomes 


dD  D  (4 Fi  -  1) 
dQ  "  Q  2 {Ft  -  1)’ 


(32) 


where  Ft  is  the  interfacial  Froude  number,  as  in 
equation  (30), 

Equation  (32)  shows  that  for  t'i  <  0.25,  the  thick¬ 
ness  of  the  layer  increases  with  increasing  transport, 
but  for  0.25<E,<I  the  thickness  decreases  as  the 
transport  increases.  This  appears  to  correspond  to 
conditions  observed  in  Alberni  Inlet  and  certain  other 
fjord-type  estuaries.  When  F{  •*  1,  dDIdQ  -*  —  oo 
in  equation  (32)  and  it  may  be  concluded  that  the 
two-layer  model  breaks  down.  There  is  some  evidence 
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that  in  actual  estuaries  the  How  is  such  that  F,  -*  1  at 
the  mouth. 

A  different  approach  to  the  dynamics  of  a  deep 
fjord  estuary  was  made  by  Cameron  (1951a)  who 
assumed  that  the  density,  horizontal  velocity,  and  ver¬ 
tical  velocity  were  all  continuous  functions  of  depth. 
Lateral  homogeneity  was  assumed  and  steady  state 
conditions  were  considered.  A  frict’onal  term,  as  well 
as  the  pressure  gradient  and  field  acceleration  terms, 
was  included  in  the  equation  of  motion.  Combining 
the  equation  for  the  horizontal  and  vertical  compo¬ 
nents  of  flow,  he  obtained  the  relation 


where  Av  is  the  coefficient  of  vertical  eddy  viscosity. 
By  introducing  a  stream  function,  a  solution  was 
found,  for  the  variation  of  velocity  along  the  estuary 
and  with  depth.  In  this  solution,  the  velocity  has  a 
maximum  in  the  seawaid  direction  at  the  surface,  de¬ 
creasing  to  zero  at  a  depth  which  might  be  called 
the  depth  of  no  net  horizontal  motion.  Below  this 
depth  the  velocity  is  directed  upstream  and  reaches 
a  maximum  value  at  about  twice  the  depth  of  no 
..lotion.  Below  this  it  decreases  asymptotically  to 
zero  in  the  deep  water.  The  theory  leads  to  a  dis¬ 
tribution  of  density,  as  expressed  by  y,  where  y  = 
(p,  -  p)lp„  p,  being  the  density  of  undiluted  sea 
water.  Cameron’s  theory  also  leads  to  a  critical  veloc¬ 
ity  of  surface  flow  at  which  the  mechanism  postulated 
in  the  mode!  would  break  down. 

The  above  theories  have  dealt  with  processes  acting 
along  the  estuary  and  have  not  been  concerned  with 
the  variation  in  conditions  across  it.  The  Coriolis 
force  gives  rise  to  a  slope  of  the  surfaces  of  equal 
density  across  the  estuary'  and  if  all  acceleration  and 
frictional  terms  are  negligible  in  comparison  with 
tin  Coriolis  term,  observations  of  this  slope  may  be 
used  to  compute  the  longitudinal  velocity  of  flow. 
This  in  fact  is  the  method  widely  used  for  ocean 
currents.  From  equation  (2)  in  these  conditions 

<34’ 

and  dp! by  can  be  determined  from  the  density  dis¬ 
tribution  if  a  level  at  which  the  pressure  gradient  is 
zero  may  be  estimated.  Cameron  (1951b),  from  ob¬ 
servations  at  the  entrance  to  Portland  Inlet,  British 
Columbia,  found  that  the  depth-mean  transport  com¬ 
puted  in  this  way  agreed  well  with  the  freshwater 
transport  derived  from  river  gauge  data.  There  was 
also  satisfactory  agreement  with  the  net  velocity  which 
reached  0.68  knots  measured  at  the  surface.  From 
the  salinity  structure  the  depth  of  no  motion  was 
taken  to  be  at  90  ft.  The  agreement  in  the  results 
indicated  that,  in  this  situation,  the  assumption  was 
justified  that  the  accelerations  and  frictional  forces 
were  negligible. 

Tully  (1958)  suggested  that  similar  conditions 
hold  in  a  number  of  other  fjord-tvpe  inlets,  where  the 
channel  is  comparatively  straight  and  deep.  From 


equations  (13)  and  (.34)  the  transports  7'1  and  T2  in 
the  upper  and  lower  layers  respectively  may  be  shown 
to  be  given  by 


where  and  g2  are  the  anomalies  of  dynamic  height 
at  two  stations  in  a  cross-channel  section,  Ay  is  the 
distance  between  the  stations,  A,  and  A2  are  the  cross- 
sectional  areas  of  the  upper  and  lower  zones,  and  c 
is  the  fraction  of  fresh  water  in  the  upper  layer.  The 
anomalies  8,  and  S2  are  computed  from  the  surface  to 
any  level  at  or  below  the  deepest  value  L  of  the  inter¬ 
zone  boundary  in  the  section  considered. 

The  depths  limiting  the  upper  and  lower  zones  were 
derived  from  a  curve  of  salinity  S  against  log  z  (a  = 
depth).  Data  from  a  number  of  regions,  if  plotted  in 
this  way,  give  a  curve  made  up  of  three  approximately 
straight  lines,  as  in  Figure  7,  dividing  the  depth 
naturally  into  an  upper  zone,  halocline,  and  lower 
zone.  The  lower  limit  of  the  halocline  is  regarded  as 
the  level  through  which  transport  takes  place  upwards 
only,  whereas  mixing  as  well  as  entrainment  occurs 
within  the  halocline.  The  method  was  applied  to  Juan 
de  Fuca  Strait,  the  density  and  velocity  structure  of 
which  are  shown  in  Figure  8. 

A  method  using  heat-budget  data  to  estimate  the 
freshwater  transport  and  provide  information  on  the 
entrainment  process  was  described  by  Pickard  and 
Trites  (1957).  In  the  surface  layer  they  considered 
the  processes  of  seaward  flow,  upward  entrainment 
of  deeper  water,  and  the  passage  of  heat  through  the 
surface  because  of  radiation,  evaporation,  and  conduc¬ 
tion.  The  equations  of  continuity  were  applied  to  the 
volume  of  water,  heat  content,  and  salt  content.  In 
this  way  it  was  found  possible  to  determine:  (1)  the 
velocity  at  the  head  of  the  estuary,  and  hence  the 
river  inflow,  given  the  heat-budget  data  and  also  the 
temperature  and  salinity  of  the  entrained  water;  and 
(2)  the  depth  of  entrainment,  given  the  temperature 
and  salinity  of  the  entrained  water,  the  velocity  of 
flow  (from  observation  or  previous  calculation),  and 
the  heat  budget  data.  The  application  of  the  first 
method  to  a  number  of  inlets  gave  the  freshwater  dis¬ 
charge  in  fair  agreement  (±  25%)  with  the  data 
from  precipitation  and  runoff.  Application  of  the 
second  indicated  that  the  effective  depth  of  entrain¬ 
ment  was  only  slightly  deeper  than  the  depth  of  no 
motion,  which  ranged  from  2  m  to  9  m  in  the  inlets 
studied.  It  was  also  possible  to  confirm  that  the  down¬ 
ward  penetration  of  water  from  the  upper  layer  was 
small. 

Stommel  and  Farmer  (1952,  1953)  considered  the 
action  of  a  restricted  section  in  a  channel  on  a  two- 
layer  flow.  They  derived  a  criterion  based  on  the 
condition  that  interfacial  waves  formed  there  would 
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be  stationary.  In  the  case  of  a  relatively  shallow 
upper  layer  on  a  much  deeper  lower  layer  the  cri¬ 
terion  corresponds  to  Ft  =  1  approximately.  If  the 
layers  are  of  comparable  depth,  the  critical  value  of 
E,  is  a  function  of  q2lqi,  the  ratio  of  the  discharges 
in  the  two  layers,  and  n,  the  ratio  of  the  depth  of  the 
upper  layer  to  the  total  depth.  It  was  found  that  the 
depth  of  the  upper  layer  in  the  South  Pass  and  South¬ 
west  Pass  of  the  Mississippi  River  agreed  with  that 
given  by  F(  —  1.  Stommel  and  Farmer  (1953)  ex¬ 
tended  the  idea  to  show  that  there  was  a  limit  to  the 
extent  that  vertical  mixing  within  an  estuary  could 
influence  the  discharge  or  the  salinity  in  the  two 
layers  at  the  mouth. 

A  theoretical  and  experimental  study  of  turbulent 
entrainment  was  carried  out  by  Ellison  and  Turner 
(1959).  They  defined  the  entrainment  E  by  the 
equation 

~  ( UD)  -  EU  (36) 

in  the  present  notation,  U  tieing  the  mean  velocity  and 
l)  the  depth  of  the  layer  into  which  entrainment  is 
taking  place.  £  was  taken  to  lie  a  function  of  R{.  the 
layer  Richardson  number  defined  by 


where  y  —  (p2  —  p\)!p2  as  before.  Rt  is  thus  the 
reciprocal  of  the  interfacial  Fronde  number  used  by 
Farmer  and  Stommel.  F.llison  and  Turner  found  E  = 
0.075  for  R(  =  0,  that  is,  for  no  difference  in  density 
between  the  layers,  decreasing  to  0.01  for  £,  =  0.5, 
and  they  deduced  that  E  was  probably  negligible  for 
/?(  >  0.8.  These  results  apply  to  0  <  Rt  <  1,  when  F{ 


>  1,  and  would  therefore  seem  to  be  in  a  different 
range  from  those  of  Stommel  and  Farmer. 

Partially  Mixed  Estuary 

In  an  estuary  in  which  the  vertical  mixing  is 
greater  or  the  depth  is  less  than  in  the  preceding 
cases,  there  is  no  deep  layer  of  almost  undiluted  sea 
water  which  can  be  regarded  primarily  as  a  source 
of  water  for  entrainment.  The  salinity  and  density 
decrease  upstream  from  the  mouth  of  the  estuary  at 
all  depths.  The  qualitative  features  of  this  type  of 
estuary  have  been  described  earlier.  The  development 
of  a  quantitative  study  of  such  estuaries  is  due  mainly 
to  a  series  of  investigations  by  Pritchard  and  the  fol¬ 
lowing  treatment  is  based  on  his  work. 

In  order  to  take  into  account  tidal  currents  as  well 
as  the  turbulent  character  of  the  flow,  each  of  the 
velocity  components  u,  v,  w  and  the  salinity  3'  are 
divided  into  three  terms,  which  are  uncorrelated  with 
one  another. 

u  -  V  +  U  +  u' ,  v  =■  v  -|  V  +  v' ,  {  , 

where  ft  is  the  mean  velocity  averaged  over  otie  or 
more  tidal  periods,  U  is  the  tidal  component  and  u' 
the  turbulent  component,  the  mean  values  of  U  and  u' 
each  heine  zero  by  definition. 

Since  the  turbulent  velocities  have  been  taken  into 
account  explicitly,  die  stress  terms  on  the  right  of 
equations  (1 )  and  (2)  may  be  set  equal  to  zero.  Then 
on  substituting  from  (38),  above,  in  equations  ( 1 ) 
and  (2),  taking  mean  values  with  respect  to  time,  and 
setting  (erms  such  as  (ftt''),  (fV)  and  (rtf/)  equal  to 
zero,  the  mean  longitudinal  equation  of  motion  be¬ 
comes 
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"  +  ■"  +  •5  + 


and  the  mean  lateral  equation 


/B  =  ~  (“  %)  ~  fx  <“V>  ~  fy  <t,V>  -  ft  {W'V,)’  (40) 


where  the  brackets  (  )  denote  mean  values  with  re¬ 
spect  to  time.  As  before,  the  molecular  viscosity  terms 
are  omitted  from  the  equation  as,  except  very  near  the 
boundaries,  they  are  several  times  smaller  than  the 
turbulent  stresses. 

It  is  assumed  that  the  transverse  velocity  compo¬ 
nents  v  and  V  ai  t  small  compared  with  a  and  U  and 
that  the  field  acceleration  terms  involving  them  may 
be  neglected.  Stewart  (1957)  questioned  this  assump¬ 
tion,  pointing  out  that  if  the  flow  has  an  appreciable 
curvature  the  term  fl  ( dv/Bx )  +  (d/dx)  (UV)  should 
be  added  to  the  left-hand  side  of  (40),  and  may  be  of 
the  same  order  of  magnitude  on  the  turbulent  stress 
terms.  It  seems  likely  that  the  corresponding  terms 
in  (39),  as  well  as  the  Coriolis  term  fv,  may  justifi¬ 
ably  be  neglected. 

In  the  vertical  direction,  all  the  acceleration  terms 
may  be  neglected,  leaving  the  hydrostatic  equation 
0  =  g  —  [a(3/>/3a)].  Substituting  for  s  from  (38) 
in  the  equation  for  the  continuity  of  salt,  which  may 
be  written  DsIDt  =  0,  and  using  the  equation  for 
continuity  of  water,  gives 


3J  ,  „  ai  .  .  dJ  .  „  ai 
at  ax  dy  at 


+  k<ns)  +  i,{rs>  +  i'ws> 


Pritchard’s  development  of  the  theory  of  flow  in  a 
partially  mixed  estuary  was  based  largely  on  a  de¬ 
tailed  series  of  measurements  of  salinity  and  currents 
in  the  James  River,  flowing  into  Chesapeake  Bay 
(Pritchard,  1952a).  In  a  study  of  the  salt  balance, 
Pritchard  (1954b)  integrated  equation  (41)  over  an 
element  of  volume  extending  across  the  whole  width 
of  the  estuary  at  depth  g.  The  term  dJ/dt  was  shown 
to  be  negligibly  small,  from  the  actual  rate  of  change 
of  salinity  with  time,  and  the  term  8{US)/dx  was 
taken  as  2ero  on  the  grounds  that  5"  and  U  were  90* 
out  of  phase.  The  equation  then  becomes 


a*  ,  -  aj  ,  _  ai 

aj  +  “ai  +  05i 


l  £ 
b  dx 


|4<«V)| 


\  |KwV»,  (44) 


where  b  is  the  breadth  of  the  element.  Making  use 
of  the  observations  of  currents  and  salinities,  Pritch¬ 
ard  was  able  to  compute  the  values  of  all  the  terms  in 
this  equation. 

This  study  showed  that  the  most  important  terms 
in  the  salt  balance  were  the  mean  horizontal  advec- 
tion  fidildx,  and  the  turbulent  or  non-advective,  ver¬ 
tical  flux  term  involving  (w's‘).  The  mean  vertical 
advection  wdsldg  was  significant  only  very  near  the 
boundary  between  the  upper  and  lower  layer,  and  the 
horizontal  turbulent  flux  term,  involving  (mV),  was 
only  of  the  order  of  1  percent  of  the  main  terms. 

By  analogy  with  these  results,  Pritchard  (1956) 
assumed  that  the  horizontal  components  of  the  turbu¬ 
lent  flux  of  momentum  were  negligible  compared 
with  the  other  terms  in  the  equations  of  motion  in  the 
x  and  y  directions.  Equations  (39)  and  (40)  for  the 
steady  state  then  reduce  to 


-  -£<bV>  -fy<vy)  -£<wY>-  <41> 

If  the  tidal  variation  in  salinity  5  is  90°  out  of  phase 
with  the  velocity  U,  as  is  often  approximately  the 
case,  terms  such  as  (US)  vanish  from  (41). 

In  equations  (39)  and  (40),  the  turbulent  stress 
terms  have  been  written  («'«'),  etc.  Although  direct 
observations  of  turbulent  fluctuations  have  been  made 
on  a  few  occasions  (Rowden,  1962;  Grant  el  a/., 
1962),  it  is  usually  found  necessary  to  rebate  these 
stresses  to  the  mean  velocity  of  gradients  by  coeffi¬ 
cients  of  eddy  viscosity,  thus 

<“'«')  -  -  pN,  ~  ,  <vV>  -  -  pN, 

<teV)  -  -  pN,  (42) 

Similarly  the  eddy  fluxes  of  salt  are  related  to  the 
mean  salinity  gradients  by  coefficients  of  eddy  diffu¬ 
sion,  that  is 

(u  s)  -  -  pK,  s  )  -  -  pK,  —  . 

<wY>  -  -  pK,  !?.  (43) 


*2«S  +  «S 


(4S) 

-(•S)_s<*v>- (46) 


U„  is  the  amplitude  of  the  tidal  current. 

To  evaluate  the  terms  in  these  equations,  the  meas¬ 
urements  of  currents  and  densities  as  functions  of 
depth  were  available.  By  assuming  the  shearing  stress 
to  be  zero  at  the  surface,  and  to  be  estimated  at  the 
bottom  from  the  logarithmic  velocity  profile  law,  with 
a  roughness  length  g0  =  0.02  cm,  all  the  terms  could 
be  computed  except  («>V)  and  (wV).  The  equations 
were  thus  solved  for  these  two  terms.  It  was  con¬ 
cluded  that,  along  the  estuary,  the  pressure  gradient 
was  balanced  mainly  by  the  turbulent  stress  terms 
d(ix'u')iBs,  but  the  tidal  acceleration  term  U0dUJdx 
may  be  important.  The  field  acceleration  terms  re¬ 
lated  to  the  mean  motion  were  relatively  insignificant. 
Across  the  estuary,  the  Coriolis  term,  fa,  was  bal¬ 
anced  primarily  by  the  lateral  pressure  gradient,  but 
the  turbulent  stress  term,  d(w'u')dg,  was  also  sig¬ 
nificant.  The  depth  of  the  level  pressure  surface  and 
of  the  surface  of  no  net  motion  were  also  determined ; 
both  were  approximately  at  mid-depth. 
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Fig.  8.  Density  and  velocity  structure  in  Juan  de  Fuca  Strait,  British  Columbia  (Tully,  1958) 
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It  was  found  by  Pritchard  and  Kent  (1956)  that 
the  curves  of  the  vertical  and  lateral  shearing  stresses 
as  functions  of  depth  were  very  similar,  and  they  sug¬ 
gested  that  ( v'w ')  =  ij  ( u'w ')  where  r)  is  a  constant, 
which  from  the  observations  was  about  0.4. 

Pritchard  and  Kent  (1956)  gave  a  procedure  for 
calculating  the  mean  velocity  (l  as  a  function  of  depth 
by  using  equations  (45)  and  (46),  with  the  first  two 
terms  in  (45)  set  equal  to  zero.  The  internal  parts 
of  the  horizontal  pressure  gradients  were  computed 
from  temperature  and  salinity  data  and  the  U0dU0ldx 
term  from  tidal  current  data.  Then  equation  (45) 
enabled  the  constant  in  the  pressure  term  and  ( w'u *) 
to  be  determined,  with  the  aid  of  estimates  of  the  sur¬ 
face  and  bottom  stress.  These  conditions  also  allow 
(aV)  to  be  found,  and  so  finally  fi  can  be  determined 


from  equation  (46).  In  the  James  River  it  appears 
that  the  B(w'v')/ds  term  is  approximately  one-third 
of  the  ( aSp/dy )  term. 

Observations  have  been  made  of  the  salinity  dis¬ 
tribution  and  circulation  in  a  number  of  other  estu¬ 
aries  of  the  partially  mixed  type.  The  Thames  River 
was  the  subject  of  a  full-scale  and  model  investigation 
by  Inglis  and  Allen  (1957).  The  salinity  difference 
between  surface  and  bottom  varies  during  the  tidal 
period  reaching  values  up  to  2  %c.  Measurements  of 
current  showed  the  presence  of  an  upstream  flow  near 
the  bottom  to  approximately  12  miles  below  London 
Bridge,  in  conditions  of  normal  river  flow.  This  was 
within  the  reach  of  the  estuary  in  which  excessive 
deposition  of  silt  occurred.  Experiments  on  the  model 
showed  that  an  increased  river  discharge  caused  the 
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Fig.  9.  Mean  profiles  of  velocity  and  salinity  in  the  Mersey  Estuary  (From  Bowden,  1963). 
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Table  2.  Mersey  Estuary :  effective  values  of  stress 
r,  JV„  and  K,  over  a  tidal  period. 


*!h 

June  30-July  2, 1959 

July  6-8,  1959 

r 

dyn/cm* 

N. 
cm*/ • 

K.  T 

em'/s  dyn/cm’ 

N, 

em’/s 

K. 

em’/s 

0.1 

0.20 

9 

5 

0.34 

14 

8 

0.3 

0.45 

27 

1» 

0.86 

46 

23 

0.5 

0.39 

40 

27 

1.03 

73 

30 

07 

0.10 

43 

17 

0.86 

72 

29 

0.9 

-0,42 

(62) 

(3) 

0.34 

25 

13 

limit  of  the  upstream  flow  to  move  downriver  by  a 
distance  of  12  miles  when  the  discharge  was  increased 
ten  times. 

A  similar  investigation,  involving  both  full-scale 
observations  and  model  experiments,  was  carried  out 
for  the  Mersey  Estuary  and  Liverpool  Bay  by  Price 
and  Kendrick  (1963).  Other  observations,  made  in 
the  Narrows,  a  fairly  straight  channel  about  six  miles 
long  with  a  depth  of  approximately  20  m,  connecting 
the  upper  estuary  with  Liverpool  Bay,  have  been  made 
the  basis  of  a  dynamic  study  (Hughes,  19S8;  Bow¬ 
den,  1960,  1963).  Figure  9  shows  some  profiles  of 
velocity  and  salinity.  The  dynamics  of  the  flow  have 
been  considered,  making  similar  assumptions  to  those 
of  Pritchard.  Since  the  variation  of  tidal  current  in 
this  stretch  was  small,  the  UJHUJBx  term  was  ne¬ 
glected  as  well  as  the  other  term-,  on  the  left-hand  side 
of  equation  (45).  Expressing  the  pressure  gradient 
in  terms  of  the  density,  and  applying  suitable  bound¬ 
ary  conditions  for  the  surface  and  bottom  stress,  equa¬ 
tion  (45)  enables  the  shearing  stress  (wV)  to  be 

Table  3.  Horizontal  eddy  diffusivity,  K „  in  some 
tidal  estuaries. 


K.  from  K.  calcu- 


Estuary 

& 

position 

Vertical 
sal.  diff. 

as  %. 

observa-  lated  from 
tions  10*  Eq.  (53)10'' 
cm’/ sec  cm’/ sec 

Severn  (summer) 

Weston-super-Mare 

— 

5.4 

0.53 

Portishead 

0.1 

10.6 

0.48 

Aust 

0.3 

17.4 

0.56 

Sharpness 

— 

1.2 

0.12 

Severn  (winter) 

Weston-super-Mare 

— 

12.4 

— 

Portishead 

0.3 

15.7 

— 

Aust 

0.5 

30.9 

— 

Sharpness 

— 

53.5 

Thames  (low  river  flow) 
10  miles  below 

London  Br. 

1.0 

5.3 

0.17 

25  miles  below 

London  Br. 

1.0 

8.4 

0.24 

Thames  (high  river  flow) 
30  miles  below 

London  Br. 

338 

0.25 

Mersey  Narrows 

May,  1956 

1.3 

16.1 

0.59 

March,  19<7 

5.0 

36.0 

0.59 

computed.  Introducing  the  vertical  eddy  viscosity  N„ 
the  stress  may  be  written  (wV)  =  —  pN,  ( dalds ). 
Hence,  from  the  observed  profile  of  mean  velocity,  N, 
was  determined  at  various  fractions  of  the  total  depth 
as  shown  in  Table  2.  Nt  was  small  near  the  surface, 
but  increased  to  values  of  40  to  70  cni2/sec  at  mid¬ 
depth. 

By  making  similar  assumptions,  the  salinity  equa¬ 
tion  (44)  may  be  reduced  to  a  form  which  enabler,  the 
vertical  turbulent  salt  flux  (tv’s')  to  be  computed  from 
the  observations.  Introducing  K2,  the  coefficient  of 
eddy  diffusion,  (w's‘)  =  —  p  K,  (dlldz).  The  values 
of  K„  found  in  this  way  on  two  occasions,  are  also 
given  in  Table  2.  The  maximum  values  occur  at  mid¬ 
depths  and  the  values  of  Kt  are  approximately  half 
the  corresponding  values  of  Nt.  In  this  case  an  at¬ 
tempt  was  made  to  apply  the  salinity  equation,  includ¬ 
ing  the  dsldt  term,  to  hourly  values  of  the  data  and 
so  determine  the  variation  of  AT,  within  the  tidal 
period.  Consistent  results  were  obtained  with  only 
one  of  the  four  sets  of  data  to  which  the  method  was 
applied.  These  indicated  that  when  the  tidal  velocity 
was  large  the  values  of  Kt  were  three  to  five  times 
as  great  as  the  effective  values  over  a  tidal  period. 

A  theoretical  treatment  in  which  the  circulation 
and  mixing  processes  are  regarded  as  parts  of  the 
same  system  has  been  given  by  Rattray  and  Hansen 
(1962).  Considering  a  straight  and  narrow  estuary 
of  rectangular  cross  section,  with  uniform  width  but 
variable  depth,  and  assuming  it  to  be  laterally  homo¬ 
geneous,  they  expressed  the  basic  equations  in  the 
form 


pU. 


dJJ. 

dx 


0  - 


dO  dW 
dx  dt 


dp  , 

*  +P<r 


> 


(47) 


The  density  was  related  to  the  salinity  by  p  =  p0  + 
kJ  and  a  salinity  defect  <r  introduced,  defined  by  a  — 
Po  y  (1  —  s  s6)  where  sb  is  a  base  salinity  taken 
to  lie  that  of  the  oceanic  water.  The  boundary  con¬ 
ditions  taken  were:  ( 1 1  it  the  surface  w  =  0,  and 
the  shearing  stress  =  wind  stress.  (2)  at  the  bottom 
ii  =  to  =  0.  The  coefficients  of  eddy  viscosity  A  and 
eddy  diffusion  K.  were  assumed  to  be  constant. 

A  stream  function  tj/  was  introduced,  so  that  u  = 
—  (difi/de),  w  =  (difild. r).  Rattray  and  Hansen 
pointed  out  the  resemblance  of  the  resulting  partial 
differential  equation  to  those  arising  in  thermal  bound¬ 
ary  layer  problems  and  solved  them  by  the  method  of 
similarity  solutions  which  has  been  used  in  such  cases. 
They  obtained  solutions  for  the  velocity  profile  and  the 
salinity  profile  both  in  the  case  of  zero  wind  stress 
and  for  various  values  of  wind  stress.  In  the  case  of 
zero  wind  stress,  the  curves  show  a  surface  outflow 
and  a  deep  inflow  with  the  level  of  no  motion  at  s!h  = 
0.42,  /»  being  the  total  depth.  The  magnitude  of  the 
velocity  is  directly  proportional  to  the  longitudinal 
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Fig.  10.  (A)  Comparison  of  theoretical  and  observed 
salinity  profile  in  the  James  River  Estuary  (Rattray  and 
Hansen,  1962). 


density  gradient  and  inversely  proportional  to  the  eddy 
viscosity.  In  comparing  their  results  with  Pritchard’s 
data  for  the  Janies  River,  Rattray  and  Hansen  found 
fairly  good  agreement  by  taking  N,  =  4  cm2 /sec  and 
Kz  =  2  cm2 1  sec.  The  comparison  of  the  salinity  and 
velocity  profiles  is  shown  in  Figure  10. 

An  interesting  series  of  laboratory  experiments  was 
carried  out  by  Harleman  and  Ippen  (1960),  who 
varied  the  intensity  of  turbulence  independently  of 
the  flow  by  using  oscillating  screens.  They  were  con 
cerned  with  the  longitudinal  concentration  of  dye  or 
salt  in  a  partially  mixed  or  well  mixed  estuary,  in 
which  the  vertical  and  transverse  variations  in  con¬ 
centration  were  small  compared  with  those  along  the 
estuary.  In  the  partially  mixed  case  they  defined  an 
“adjusted”  or  “gross”  eddy  diffusion  coefficient  Kt' 
which  included  the  advective  effects  arising  from  den¬ 
sity  differences.  Using  dye  as  a  tracer,  with  no  den¬ 
sity  difference  they  confirmed  that  K,  was  propor¬ 
tional  to  Gl/i,  where  G  is  the  rate  of  dissipation  of 
turbulent  energy  per  unit  mass,  as  given  in  Kolmo- 
goroff's  theory. 

When  fresh  and  salt  water  were  used,  Harleman 
and  Ippen  suggested  that  K,  would  be  related  to  K , 
by 


where  g‘  —  ySp/p  and  Vt  is  the  velocity  of  the  fresh¬ 
water  flow.  An  empirical  equation  for  the  function 
was  determined  from  the  experiments.  They  found 
that  for  given  values  of  Ap  p  and  V K/  decreases 
as  G  increases.  The  following  pairs  of  values  indicate 
the  order  of  magnitude  of  the  change  in  the  ratio 

A7  IK.: 
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Fig.  10.  (B)  Comparison  of  theoretical  and  observed 
velocity  profile  in  the  James  Estuary  (Rattray  and 
Hansen,  1962). 


G/t'V,  -  60  10»  >  104 

K.  /K,  -  50  6  »  1  . 

From  these  results  the  "intrusion  length”,  to  a 
point  where  the  salinity  was  reduced  to  1  percent  of 
its  oceanic  value,  was  deduced.  It  was  found  that, 
whereas  in  a  partially  mixed  estuary  L<  decreased 
with  increasing  turbulence,  in  a  well  mixed  estuary 
(Kt,IKx  =  1)  L{  increased. 

The  decrease  in  the  effective  value  of  the  coeffi¬ 
cient  of  horizontal  diffusion  as  the  vertical  mixing 
becomes  more  effective  has  been  noted  in  field  ob¬ 
servations.  It  is  rather  doubtful,  however,  whether 
the  quantitative  results  from  the  laboratory  experi- 
ments  can  be  scaled  up  since  the  mode  of  generation 
of  the  turbulence  is  different.  In  a  tidal  current,  the 
greatest  rate  of  generation  occurs  near  the  bottom, 
and  much  of  the  turbulence  at  higher  levels  has  prob¬ 
ably  diffused  upwards,  whereas  in  the  laboratory  ex¬ 
periments  the  turbulence  was  generated  more  or  less 
uniformly  throughout  the  depth. 

Vertically  Homogeneous  Estuary 

The  qualitative  features  and  methods  of  treating  the 
mixing  of  this  type  of  estuary  have  been  described 
earlier.  It  has  also  been  mentioned  that  doubts  have 
been  expressed  as  to  whether  an  estuary  which  is 
strictly  vertically  homogeneous  really  exists.  A  de¬ 
tailed  study  of  the  dynamics  of  this  type  of  estuary 
seems  not  to  have  been  made.  However,  a  simple 
consideration  of  the  nature  of  the  terms  in  equations 
(45)  and  (44)  would  appear  to  show  that  a  flow  in 
which  «  and  A  are  completely  uniform  with  depth  is 
not  possible.  If  the  density  p  can  be  regarded  as  con- 
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slant  with  depth  in  the  hydrostatic  equation,  it  follows 
from  (7)  that 


*P  *t  9p 

“  ,  “  t  ,  _  41  r  ■  (49) 

a*  *  9*  d*  v 

Thus  the  horizontal  pressure  gradient  varies  with  t. 
In  equation  (45)  only  the  tern  d(w'u')ld*  is  available 
to  balance  this  variation.  Putting  (tcV)  =  —  p  X, 
(iHIdt)  shows  that  fl  must  vary  with  t  (unless  N, 
is  infinitely  large). 

In  (44),  Mkldr  will  vary  with  depth  if  fi  varies, 
and  the  only  term  capable  of  balancing  this  is  that  in 
<wY).  Introducing  K,  shows  that  1  must  vary  with 
depth  although  this  variation  may  be  small  if  K,  is 
large  enough. 

It  seems  advisable  to  regard  the  so-called  vertically 
homogeneous  estuary  not  as  a  physically  distinct  type, 
but  as  a  special  case  of  the  partially  mixed  estuary, 
in  which  the  variations  of  velocity  and  salinity  with 
depth  are  so  small  that  it  is  impractical  to  measure 
them  with  sufficient  accuracy ;  it  becomes  more  con¬ 
venient  to  include  the  advective  effects  of  such  vari¬ 
ations  in  an  effective  longitudinal  diffusion  term.  The 
experiments  of  Harleman  and  Ippen  supporting  this 
view  have  already  been  mentioned. 

Taylor  (1953)  gave  a  theoretical  treatment  of  the 
dispersion  of  matter  in  laminar  flow  through  a  pipe, 
showing  that  the  dispersion  was  produce  by  diffusion 
across  the  pipe  combined  with  a  transverse  variation 
in  the  velocity  along  it.  arising  from  friction  at  the 
wall.  He  showed  that  the  effective  coefficient  of  dif¬ 
fusion  along  the  pipe  was  inversely  proportional  to 
the  molecular  diffusivitv.  He  later  extemled  the  theory 
to  turbulent  flow  through  the  pipe  (Taylor,  1954).  In 
this  case  the  transverse  mixing  is  due  to  the  etldy 
diffusivity  in  that  direction.  In  the  absence  of  a  den¬ 
sity  gradient,  assuming  the  coefficients  of  transverse 
eddy  diffusivity  and  eddy  viscosity  to  lie  equal,  it  was 
shown  that  the  effective  coefficient  of  longitudinal  dif¬ 
fusion  was  given  by 

K,  -  10. lot...  (50) 

where  a  is  the  radius  of  the  pi|>e  and  u.  is  the  friction 
velocity,  given  by  u.  =  (T,  p)'  t,  being  the  fric¬ 
tional  stress  at  the  wall.  The  same  method  wa»  ex¬ 
tended  by  F.lder  <  1959 )  to  flow  in  an  oj>en  channel. 
Making  similar  assumptions.  Klder  found  that  tor 
steady  flow  in  neutrally  stable  Conditions 

K.  •  5.9k,A  .  1 51 ) 

where  h  is  the  depth  of  water  in  I  lie  channel.  If  the 
bottom  stress  is  related  to  the  depth-mean  \  doc  its  (' 
by  the  equation  r.  —  kpt*.  and  the  friction  rorfficimt 
k  is  taken  as  0.0025.  the  above  relation  bee  on -ex 

K.  -  0  J9 il  k  « 52) 

In  a  tidal  eVuarv  the  main  source  of  turlxilence 
is  the  tsdal  current  and  is  a  periodic  function  <>:’ 
time.  It  may  be  shown,  however,  that  the  same 
process  can  still  produce  a  net  flux  of  a  dissolved  sub¬ 
stance  in  the  direction  of  the  concentration  gradient 


(Bowden,  1963).  If  the  current  is  simple  harmonic 
with  an  amplitude  U,  then,  with  certain  simplifying 
assumptions,  the  effective  K ,  is  equal  to  half  that  in 
a  steady  flow  of  velocity  U%.  Thus,  in  the  aliove  case, 

K.  -  0.15 UJt.  (S3) 

If  the  mixing  is  due  primarily  to  the  tidal  currents 
and  the  water  is  vertically  homogeneous  so  that  the 
flow  is  neutrally  stable,  it  should  be  possible  to  com¬ 
pute  the  values  of  K,  front  this  equation.  This  was 
done  by  Bowden  ( I9&J)  for  the  Severn,  Thames,  and 
Mersey  Estuaries,  and  the  results  compared  with  the 
values  computed  from  the  salinity  observations  by 
Stommel’s  method.  The  observed  values  of  Kt  were 
from  10  to  100  times  greater  than  the  computed 
values,  as  shown  in  Table  3. 

This  discrepancy  is  not  surprising  in  the  cases  of 
the  Thames  and  Mersey,  where  salinity  differences  of 
1  or  more  between  surface  and  bottom  are  known 
to  occur  at  some  states  of  the  tide.  It  is  more  re¬ 
markable  in  the  case  of  the  Severn  which  has  pre¬ 
viously  been  regarded  as  a  typical  unstratified  estuary. 

The  effect  of  the  density  gradient  on  the  effective 
values  of  N,  and  K,  on  the  Mersey  can  be  seen  in 
Table  2.  On  the  basis  of  other  observations,  the  maxi¬ 
mum  values  of  N ,  are  one-tenth  of  the  values  to  be 
expected  in  a  tidal  current  of  the  same  amplitude  in 
water  of  uniform  density.  There  are  two  ways  in 
which  a  density  gradient  can  cause  a  large  increase 
in  Kr  in  an  estuary.  The  reduced  values  of  .V,  anil 
AT.  would  cause  an  increase  in  the  tidal  current  effect, 
even  if  the  velocity  profile  retained  the  same  form. 
Secondly,  the  differential  flow  arising  from  the  hori¬ 
zontal  pressure  gradient  will  be  increased,  and  the 
advective  effects  of  this  will  add  to  the  effective  value 
of  K,. 

The  reductions  in  ,V,  ami  K,  are  sufficient  to  ac¬ 
count  for  the  large  values  of  effective  K ,  in  estuaries. 
It  is  interesting  to  note  that  Stonimel  and  Farmer 
i  1952).  dealing  with  two-layer  flow,  pointed  out  that 
the  horizontal  transport  of  salt  by  this  means  was 
equivalent  to  longitudinal  diffusion  corresponding  to 
a  coefficient  K ,,  so  that 


vherc  a,  is  the  vehwity  in  tl.r  upper  laser.  >i  the 
mean  vel.»its.  and  h  llie  depth  of  ssater. 

\V)kh  live  ikmsJts  gradient  is  so  great,  however, 
that  live  two  layrr  structure,  in  salinity  as  well  as  in 
velocity  is  clearly  recogni zalde,  the  cnncrjU  of  an 
effective  hon/onlal  diffusivity  loses  its  usefulness 

ltoi  \i:v*v  I.vvr*  Tnrosv 

In  a  theoretical  treatment  by  Abbott  t|9Mfci  l.  the 
net  drift  ol  water  near  live  hnttom  ot  an  esluarv  was 
reganled  as  a  mass  lrans|v»rt  effect  associated  with 
a  progressive  tidal  wive.  The  flow  was  assumed  to 
be  i*n«at!ocul.  except  in  a  boundary  laser  adiaecnt 
to  the  bottom,  in  which  the  rxldv  viscosity  was  con¬ 
stant  l ‘ving  'he  method  of  successive  approximations. 
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Abbott  found  that  the  second  approximation  gave  a 
steady  flow  term  which  was  non-zero,  even  beyond 
the  boundary  layer.  He  derived  a  criterion  for  the 
direction  of  the  mean  velocity  at  a  point  just ^bove 
the  bed,  and  applying  it  to  data  on  the  Thames  Estu¬ 
ary  (Inglis  and  Allen,  1957),  he  found  satisfactory 
agreement  in  the  position  at  which  the  net  flow  near 
the  bottom  was  reversed.  Some  features  of  the  theory 
were  unsatisfactory,  however.  In  particular,  the  con¬ 
stant  value  of  ,V,  was  estimated  from  the  velocity  pro¬ 
file  to  be  0.5  cm5 /sec.  which  corresponds  to  a  maxi¬ 
mum  shear  30  times  too  small,  while  the  energy  dis¬ 
sipation  is  40  times  too  small.  Since  these  quantities 
are  proportional  to  the  value  of  N,  would  have 
lo  be  increased  by  a  factor  of  10*  to  meet  these 
objections. 

In  a  subsequent  paper,  Abbott  (1960b)  considered 
the  longitudinal  equation  of  motion  when  a  density 
gradient  along  the  channel  is  included.  Assuming  the 
density  gradient  effect  to  predominate  over  the  ad¬ 
vertise  acceleration  terms,  he  obtained  a  criterion  for 
the  direction  of  the  net  drift  near  the  bed  in  these 
conditions.  Applied  to  the  Thames,  it  showed  that 
the  density  effect  alone  would  not  account  for  up¬ 
stream  flow  anywhere  in  the  estuary. 

Abbott  postulated  that  in  the  Thames  the  salinity 
gradient  would  not  cause  an  upstream  flow  near  the 
tied,  whereas  the  mass  transport  effect  because  of  the 
tidal  current  would.  This  appears  to  be  in  direct  con¬ 
tradiction  to  the  experimental  results  of  Inglis  and 
Allen.  In  their  observations  on  a  large  model  with 
the  appropriate  tidal  conditions  but  no  salinity  dif¬ 
ference  in  the  water,  they  found  that  the  upstream 
flow  near  the  bed  could  not  be  produced.  On  intro¬ 
ducing  the  salinity  difference  the  upstream  flow  was 
correctly  reprmluccd. 

It  seems  ikmhtful  if  the  concept  of  irrotational  tidal 
flow  above  a  boundary  layer  with  a  constant  eddy 
viscosity  is  useful  in  this  context.  It  is  known  that 
in  practically  all  cases  tidal  flow  is  turbulent  at  all 
depths,  as  is  shown  in  the  current  profile,  while  near 
the  bottom  the  eddy  xiscoxitv  increases  approximately 
linearly  with  distance  from  the  houroiary 

niFR  SION  I’KOIH.HMS 

Estuarine  salinity  distributions  caused  by  turbulent 
diffusion  processes  luxe  brm  cimxtdrrrd  in  the  iorr- 
gotng  sections  Fresh  water  has  hern  regaribd  as  a 
tracer  ami  the  results  obtained  may  tie  applied,  di¬ 
rectly  or  mdirrctlx.  to  the  spreading  of  any  other  sub¬ 
stance  dissolver!  or  suxjiended  in  the  water  The  re¬ 
sults  of  flushing -lime  computations  may  be  applied  to 
a  cimtaniinant  introduced  into  the  estuary  in  roughly 
the  same  way  ax  the  fresh  watrr.  From  mrtlmli 
which  drrixr  mixing  |xaramrtrrs  l<>r  individual  teg 
mrnts  of  the  estuary.  She  diffusion  of  a  contaminant 
mtrohsecd  into  any  one  of  these  segments  may  he 
calculated  This  applies  to  the  segmentation  method 
of  Krtchum.  the  horizontal  difiusivity  mrth«*l  of 
Stomnsrl.  the  dispersion  cone  method  of  Prexldy.  oe 
the  exchange  (actor  method  of  Docmtetn.  In  apply¬ 


ing  these  methods  it  is  possible  to  take  into  account 
the  natural  decay  of  non -conservative  substances  such 
as  bacteria  or  radioactive  wastes. 

With  the  exception  of  Stommel’s  method,  the  pro¬ 
cedures  referred  to  above  do  not  make  explicit  use  of 
coefficients  of  eddy  diffusion.  In  a  second  method, 
values  of  the  eddy  coefficients  K„  Kt,  or  derived 
from  the  salinity  distribution,  are  used  in  applying 
the  general  diffusion  equation  to  the  contaminant.  If 
c  is  the  concentration  |ier  unit  volume  of  the  substance 
considered,  the  general  equation  is 


where  Q  is  the  rate  at  which  the  substance  i?  being 
added  to  an  element  of  unit  volume  at  the  position 
x,  y.  s  at  time  < 

third  method  makes  use  of  diffusion  coefficients 
estimated  in  some  other  way  than  from  the  salinity 
distribution,  either  from  theoretical  considerations  or 
special  ex|>eriments. 

The  density  of  the  contaminant  is  a  factor  to  be 
considered,  particularly  in  the  case  of  a  two-layer 
flow.  If  the  substance  is  >ight  enough  to  remain  in  the 
upper  layer  and  be  carried  with  it.  it  is  clear  that 
values  of  the  velocity  components  and  diffusion  co¬ 
efficients  applicable  to  the  upper  layer  must  be  used. 
In  the  case  of  a  partially  mixed  or  well  mixed  estu¬ 
ary,  if  a  contaminant  of  density  not  significantly  dif¬ 
ferent  front  that  of  the  water  is  introduced  at  a  par¬ 
ticular  depth,  it  will  at  first  diffuse  vertically  at  a  rate 
determined  by  the  coefficient  Kr  If  after  a  ceruu. 
time  it  is  effectively  uniformly  mixed  from  surface 
to  bottom,  its  subsequent  spreading  is  two-dimensional 
only. 

The  value  of  K,  in  homogeneous  water  increases 
w  ith  the  velocity  of  flow  and  is  a  function  of  depth. 
It  a  density  gradient  is  present.  K,  is  also  a  function 
of  the  Richardson  number  defined  by 


In  general  K,  is  itself  a  function  of  depth  and  some 
example*  of  the  computation  have  been  given  by 
How  den  t  l*M>.  In  the  Mersey.  the  effective  valurs 
oxer  a  total  period  were  found  to  he  0.1  near  the  bot 
turn  but  were  approx inutrly  0  5  to  1  at  mid-depth  and 
pear  the  surface.  Varum*  empirical  formulas  have 
been  proposed  lo  represent  the  variation  of  K„  or  the 
mixing  length  associated  with  it.  with  K,.  Kent  anj 
Pritchard  i  1959 1  omipared  M-xcral  of  time  formulas 
with  ihrtr  James  River  data  and  drnvcd  an  equation 
which  allowed  also  for  wave-generated  turbulence  in 
the  surface  laxrr.  Apart  from  this  latter  term,  the  de¬ 
pendence  of  K,  on  H,  is  represented  by 

K.  -  Ksil  +  ##.)-».  <S7> 

where  A'.,  is  the  vahae  of  K,  for  K,  =  O  and  fi  is  a 
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constant  which,  from  the  James  River  data,  has  the 
value  of  0.276.  K*e,  for  a  vertically  homogeneous 
estuary  in  the  absence  of  v  ind,  was  given  by 

K.'  m  g.59  x  IO-*  (58) 

Tike  maximum  value,  occurring  at  mid-depth,  was 
S.37  X  10~4(.'A.  Pritchard  (1960)  defined  a  Richard¬ 
son  number  representative  of  the  whole  depth  by 

*-;S/(0,i)'-  <»• 

In  the  theory  cf  locally  isotropic  turbulence,  it  was 
found  originally  by  Kolmogoroff  that  the  eddy  vis¬ 
cosity  and  eddy  diffusivity  increase  with  the  scale  of 
the  phenomena  concerned.  The  application  of  this 
theory  to  horizontal  motions  in  the  sea  was  first  con¬ 
sidered  by  Stommei  (1919).  The  basic  idea  is  that 
a  wide  spectrum  of  turbulent  motions,  or  eddies,  exists 
with  scales  varying  from  less  than  a  centimeter  up  to 
the  dimensions  of  the  body  of  water  itself.  In  these 
conditions  a  patch  of  dye,  for  example,  will  be  dis¬ 
persed  by  eddies  smaller  than  its  own  dimensions, 
while  larger  eddies  will  ad v ret  the  patch  as  a  whole. 
As  the  size  of  the  patch  increases,  larger  and  larger 
eddies  will  take  part  in  its  dispersion.  Thus  the  effec¬ 
tive  coefficient  of  eddy  diffusion  will  increase  with  the 
size  of  the  patch. 

In  the  theory  of  locally  isotropic  turbulence,  it  is 
assumed  that  energy  is  supplied  from  external  sources 
to  the  largest  eddies,  which  pass  on  the  energy- 
through  a  cascade  of  eddies  of  decreasing  size  until, 
in  the  smallest  eddies,  it  is  dissipated  by  molecular 
viscosity.  There  exists  an  intermediate  range  of  eddies 
which  are  in  energy  equilibrium,  and  which  pass  on 
the  energy  received  without  loss.  It  is  shown  that 
in  this  range 

K<x  L'  *.  00) 

where  /  is  a  linear  dir  cnsiim  representative  of  the 
scale  of  diffusion  being  studied.  A  number  of  authors 
have  suggested  that  th-s  law  sh.iuhl  tie  applicable  to 
horizontal  diffusion  m  the  sea.  It  is  by  no  means 
clear,  however,  that  the  conditions  of  the  theory  are 
valid  ir.  the  marm-*  anil  estuarine  environment  In 
particular,  energy  may  be  in  eeteil  into  turbulence 
spectrum  at  almost  any  y  not.  by  wind  squalls  and 
gusts,  for  instance,  or  tidal  oklies  and  frtctnei  In  an 
estuary  the  apfihrat.nn  is  cumphcalrd  bv  the  effect  of 
density  currents  ami  the  shear  effect  referred  to  aliosr 
It  wwibt  nun  unwise  to  assume  lhat  the  /  *  ’  law 
applies  in  a  given  estuarine  situation  unless  an  inde¬ 
pendent  cxjertnirnt  there  has  indicated  that  U  does  so 

An  alternator  theory  of  diffusnav  nil  put  forward 
by  Joseph  ami  Setvdivcr  i  !9s)t  >  whose  h»»-c  jwwtulalr 
was  that  of  a  diffusion  vehvitv  /'  This  is  equivalent 
to  assuming  an  eildv  diffusivity  increasing  linearis 
with  the  Kale  Considering  the  case  oi  railtal  spread 
mg  of  a  | sate h  o;  Cfcvtammant  in  two  dimensions  the 
diffusion  equation  may  he  written 


In  the  classical  theory  of  diffusion  by  Fick’s  law,  Kr 
is  taken  as  constant,  in  Joseph  and  Sendner’s  theory 
Kr  =  Pr,  in  Kolmogoroff's  theory  Kr  =  where 
c  is  a  constant,  and  other  powers  of  r  have  been  sug¬ 
gested.  The  solutions  obtained  differ  in  the  rate  at 
which  the  concentration  decreases  at  the  center  of  the 
patch  with  time  and  in  the  rate  at  which  the  concen¬ 
tration  falls  off  with  distance  from  the  center. 

A  method  of  treating  turbulent  diffusion  in  a  sec- 
tionally  homogeneous  estuary  vas  described  by  Kent 
(1958).  Having  determined  K„  the  value  of  Kt  for 
the  diffusion  of  salt  from  the  steady  state  conditions 
by  Stommel’s  method,  lie  ...and  the  value  of  Kt  for 
the  dispersion  of  a  pollutant  as  Kt,  where 


and  and  /.,  represent  the  spatial  extents  of  the 
distributions  of  pollutant  and  salt  respectively.  Lf  is 
estimated  from  the  distance  at  which  the  concentration 
falls  to  a  certain  level  and  thus  increases  with  time  as 
the  dispersion  proceeds.  The  method  was  found  to 
give  good  agreement  when  tested  in  a  model  of  Dela¬ 
ware  Ba». 

Various  diffusion  experiments  have  been  carried 
out  on  full  scale  in  estuaries  using  tracer  methods, 
particularly  the  dyes  fluorescein  or  rhodamine  B.  A 
series  of  experiments  in  Baltimore  Harbor  and  other 
areas,  using  a  rhodamine  B  technique,  was  described 
by  Pritchard  and  Carpenter  (I960).  They  compared 
their  results,  both  from  point  sources  and  steady  dis¬ 
charges,  with  the  predictions  from  various  theories. 
Other  studies  of  horizontal  diffusion,  using  tracers, 
have  be-n  carried  out  in  the  iqn-n  sea  and  in  lakes 
A  detailed  review  of  theories  of  diffusion  and  their 
comparison  with  observed  data  has  been  given  bv 
Okuho  l  1962  >. 

There  is  no  general  agreement  on  the  way  in  which 
K,  or  k,  vary  with  scale.  Some  workers,  like  Bowles 
fl  of.  i  1**58 1  have  found  that  in  the  Fnglish  Channel 
the  diffusion  is  adequately  represented  by  a  constant 
coefficient.  A  number  oi  other  workers  have  inter 
pretrd  their  results  in  terms  of  the  /.*  3  law  ami  have 
found  satisfactory  agreement  1  tsrph  and  Sendnrr 
w err  cnncrrnesl  with  diffusion  in  the  oficn  ocean  ami 
it  wind  that  their  rrlalnwi  was  valid  over  a  wide  rangt 
of  wales,  with  /’  =  1  0  5  cm  sec  Attempts  have 

liresi  maile  to  apply  tlieir  method  to  estuaries  ami 
other  partialis  enclosed  Iwahes  of  water  bv  restricting 
tlve  arc  over  which  diffusion  takes  place 

WIXN  M  THTS  < >N‘  ISTCAKINK 
ClKCCl-  V  1  ION' 

)  l>e  normal  estuarine  circulation  mav  be  taken  hi  he 
that  whxh  is  determined  solely  by  the  freshwater  m 
(low  and  the  mixing  with  sea  water,  as  mffumcen  h\ 
tidal  current*  It  i*  ajqvarent  that  the  wind  can  have 
an  important  influence  on  rstuarmec  irrulation  and  mix  ■ 
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mg.  Through  the  stress  exerted  on  the  surface  it  can 
produce  a  net  transport  of  water,  and  the  waves  gen 
crated  will  increase  the  intensity  of  vertical  mixing. 
In  the  surface  layer  the  water  trans]>ort  will  be  niainlv 
in  the  direction  of  the  wind,  so  that  the  normal  sea¬ 
ward  flow  w  ill  be  increased  if  the  wind  is  blowing 
down-estuary ;  it  will  lie  decreased,  or  even  reversed 
in  direction,  if  the  wind  is  up-estuary.  Coui|>ensating 
currents  occur  which  influence  the  flow  in  the  deeper 
layer  also.  The  increased  mixing  liecause  of  wind 
currents  and  waves  may  have  an  ini|>ortant  effect  on 
the  salinity  structure,  causing  a  breakdown  in  the 
normal  pattern  of  stratification. 

There  are  numerous  >  Wrvations  of  wind  effects 
on  estuarine  circulation,  one  example  being  the  work 
of  Ketchum  ct  til.  (  195!  i  in  the  New  York  Bight,  in 
which  they  found  that  during  storms  there  is  an  in¬ 
tense  mixing  effect.  Inn  that  the  normal  circulation 
| cittern  becomes  re-established  about  two  (Lays  later. 
In  a  study  of  the  currents  in  Knight  Inlet.  British 
Columbia,  .'irkard  and  Kodgcrs  (  1959)  found  that  a 
wind  of  Jt)  knots  blowing  up  the  inlet  caused  the  nor¬ 
mal  seaward  current  of  20  cm  sec  to  be  reversed  to  a 
current  of  50  cm  sec  upstream  in  the  first  few  meters. 
Below  this  there  was  .an  increased  rate  of  outflow. 
The  effect  of  wind  on  the  velocity  and  salinity  profiles 
was  considered  by  Ka.tray  and  Hansen  (  19ti2  t  The-r 
theory  demonstrated  the  three-layer  pattern  which  de¬ 
velops  with  an  up-estuary  wind  of  greater  than  a 
certain  strength.  There  is  an  upstream  flow  in  both 
the  surface  and  the  bottom  layers,  with  downstream 
flow  at  intermediate  depths.  The  salinity  profiles  in¬ 
dicate  a  reduction  in  the  salinity  gradient  near  the 
surface  in  these  conditions  and.  in  fact,  the  occurrence 
of  unstable  conditions  when  the  wind  stress  exceeds  a 
certain  critical  value.  In  practice  this  would  result 
in  a  greatly  increased  value  of  K:.  increasing  .he 
irrtical  mixing. 

VARYING  CONDITIONS 

Most  of  the  methods  which  have  been  dcused  for 
.inaK  i mg  the  results  of  observations  have  treated  the 
estuary  as  lying  in  a  steady  state  The  large  changes 
which  occur  tn  river  discharge  and  the  changes  in  the 
estuary  resulting  from  them  hair  tern  recognizes!. 
Imt  hair  leni  represented  as  a  scries  of  steads  slates 
rather  titan  a  continuous!)  changing  stale  Thu  is 
largrli  Lx-cansr  the  obsrn alums  hair  been  live  remit' 
of  surveys  carried  .sit  al  s*»i»ewhat  intrei|ucnt  inter 
lals  rather  than  of  a  continuous  record  of  owwlitnwis 

In  many  estuaries  tltere  is  a  marked  seasonal  van 
atnsi  tn  ll»e  rue*  flow,  winch  is  rrflrr’rd  in  the  sa¬ 
linity  distribution.  In  some  cases,  the  temperature 
changes  due  .<■  llie  V arsing  heat  Imdgrt  also  hair  a 
iignttir-inl  rtirct  The  lieating  of  (lie  surface  laser  in 
;lte  summer  months  lends  to  increase  tile  dentils 
strati!icatt\*i  and  hence  reduce  tl>e  serftcal  mixing 
\ttcenpts  base  hem  matte  ('Siipitr  the  changes 
Itkmg  jdaer  iKle  to  sat  ting  riser  flow  hi  to  tig  .aloes 
of  the  hc*rir>*it.il  eddy  ditlusmts  K,  •'*  '  rst’angf 
e.*dhoent»  denied  irons  steads  state  conditoeis  This 


may  be  only  an  approximation,  however,  because  such 
coefficients  themselves  nre  variable  (wtrameters.  An 
increased  river  flow,  foi  example,  will  tend  to  pro¬ 
duce  greater  vertical  gradients  of  density,  leading  to 
less  intense  vertic  .1  mixing  and  a  greater  rate  of 
horizontal  circulation  than  would  be  expected  from 
the  horizontal  salinity  gradient  alone.  The  resulting 
change  in  the  volume  of  river  water  accumulated  in 
the  estuary  will  lie  the  combined  effect  of  these 
processes.  One  of  the  problems  of  estuarine  circula¬ 
tion  still  outstanding  is  an  adequate  method  of  dealing 
w  ith  the  variable  state. 
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Coastal  plain  estuaries  may  be  subdivided  into  four 
principal  classes  ( Pritchard,  1955),  differing  one  from 
the  other  in  the  character  of  the  circulation  pattern, 
in  the  intensity  of  vertical  stratification,  and  in  the 
extent  of  lateral  homogeneity.  These  four  classes  ac¬ 
tually  represent  distinct  points  in  a  continuous  se¬ 
quence  of  estuarine  types. 

Firs*,  I  would  like  to  describe,  briefly,  the  estuarine 
sequence  based  on  a  synthesis  of  direct  and  indirect 
evidence  about  the  character  of  estuarine  circulation 
patterns.  The  description  must  lie  presented  in  a 
highly  schematic  manner,  so  that  the  real  but  vexing 
irregularities  which  tend  to  obscure  the  large-scale 
processes  .arc  ignored.  During  this  quick  tour  along 
the  estuarine  sequence,  I  will  offer  no  observational 
proof  of  the  patterns  to  be  described.  After  the  sche¬ 
matic  description,  I  will  discuss  in  some  detail  certain 
results  of  direct  and  indirect  observations  of  estuarine 
circulation. 

THE  HIGHLY  STRATIFIED  ESTUARY 
The  Frictionles;  Model 

Consider  a  schematic  coastal  plain  estuary  in  the 
form  of  a  long  narrow  coastal  indentation  with  a 
river  entering  at  its  landward  end  and  a  free  connec¬ 
tion  with  the  sea  at  its  mouth. 

Assume  that  there  is  no  tidal  motion  and  no  sig¬ 
nificant  mixing  or  friction.  Undiluted  sea  water  will 
extend  up-estuary  along  the  bottom  to  a  point  at 
which  the  river  surface  is  approximately  at  sea  level. 
The  fresh  river  water  will  flow  seaward  on  top  of  the 
salt  water  without  any  frictional  drag  at  the  interface 
between  the  fresh  and  salt  water.  Due  to  the  Coriolis 
force,  the  fresh  water  in  the  estuary  will  tend  to  flow 
along  the  right  shore,  as  seen  by  an  observer  in  the 
northern  hemisphere  looking  seaward.  The  interface 
between  the  fresh  and  salt  water  will  be  oriented  hori¬ 
zontally  in  the  longitudinal  or  flow  direction,  but  will 
tilt  down  toward  the  right  (again,  looking  seaward) 
when  seen  in  a  cross  section  perpendicular  to  the  flow 
direction.  The  geostrophic  flow  of  the  fresh  water 
determines  the  slope  of  the  water  surface. 

In  such  a  hypothetical  case,  under  the  simplified 
dynamic  conditions  specified,  the  estuarine  circulation 
would  simply  consist  of  a  seaward-moving  freshwater 
flow  equal  in  volume  to  the  river  discharge,  super¬ 
imposed  upon  a  motionless  lower  saltwater  layer, 
without  any  mixing. 

In  real  estuaries,  of  course,  mixing  does  take  place, 


and  it  is  the  differing  degrees  and  causes  of  this 
mixing  which  create  the  various  estuarine  circulation 
patterns  outlined  below. 

The  Non-tidal  Modei. 

The  next  hy]>othetical  estuary  has  no  tidal  motion 
but  is  affected  by  frictional  forces.  Let  us  assume 
that  the  rate  of  river  flow  causes  waves  in  the  under¬ 
lying  salt  water  along  the  interface  with  the  upper 
freshwater  layer.  These  interfacial  waves  eventually 
become  unstable  and  break,  making  some  of  the  salt 
water  transfer  into  the  upper  layer.  This  is  essentially 
a  one-way  process,  through  which  the  salinity  of  the 
upper  layer  is  increased  progressively  seaward.  The 
volume  transport  seaward  in  the  upper  layer  is  in¬ 
creased  by  the  amount  of  salt  water  which  has  been 
added.  In  order  to  maintain  continuity  of  volume 
within  the  estuary,  there  must  exist  a  slow'  compen¬ 
sating  up-estuary  flow  in  the  lower  seawater  layer. 

Entrainment  of  salt  water  into  the  upper,  seaward¬ 
flowing,  freshwater  layer  forces  the  upstream  margin 
of  the  saltwater  wedge  to  migrate  seaward.  This  sea¬ 
ward  shift  is  also  partly  a  response  to  the  altered 
distribution  of  force  following  transfer  of  parcels  of 
salt  water  into  the  upper  layer,  In  addition  to  the  flux 
of  volume  into  the  freshwater  lo>er,  there  is  an  up¬ 
ward  flux  of  momentum  which  affects  the  upper  layer 
as  a  force  directed  upstream.  Under  steady-state  con¬ 
ditions  this  pressure  force  is  exactly  balanced  by  a 
downstream-directed  countertorce  set  up  by  the  redis¬ 
tribution  of  density  near  the  interface.  This  is  facili¬ 
tated  by  a  tilt  of  the  interface  and  an  increased  sea¬ 
ward  slope  of  the  surface  of  the  estuary.  With  in¬ 
creased  river  flow  there  is  a  greater  frictional  drag 
at  the  interface,  which  causes  an  increased  tilt  of  the 
interface  and  the  water  surface,  and  a  progressive  sea¬ 
ward  migration  of  the  saltwater  wedge.  These  phe¬ 
nomena  have  been  empirically  observed  by  Keulegan 
(1949)  in  experiments  with  stratified  flows  in  flumes. 

The  up-estuary  flow  in  the  lower  layer  will  be  rela¬ 
tively  slow,  and  we  assume  that  the  bottom  friction 
will  be  negligible.  Under  these  conditions  there  will 
exist  only  a  very  slight  vertical  gradient  in  the  slopes 
of  the  pressure  surfaces  in  the  saltwater  layer,  and 
only  a  very  slight  density  gradient  vertically  within 
the  wedge. 

In  my  original  theoretical  treatment  of  this  type  of 
estuarine  system  (Pritchard,  1955),  I  held  that  the 
horizontal  and  vertical  advections  of  salt  were  the 
dominant  processes  in  maintaining  the  salt  balance. 
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In  the  present  treatment  I  have  emphasized  the  role 
of  the  flux  of  momentum  and  the  resulting  alterations 
in  the  density  field.  A  steady  state  of  both  motion  and 
salt  requires  a  nice  adjustment  of  momentum  flux 
and  salt  flux. 

The  closest  approach  to  the  n on-tidal  model  in  na¬ 
ture  is  found  where  the  influence  of  river  flow  is 
strongly  dominant  over  tidal  action.  This  occurs 
where  the  ratio  of  river  flow  to  tidal  flow  is  large. 
In  such  a  situation  the  dominant  salt  lux  is  brought 
about  by  advection  across  the  interface  between  the 
deeper  salt  water  and  the  fresh  surface  layer.  The 
mouth  of  the  Mississippi  River  is  an  example  of  this 
simple  salt  wedge  type  of  estuary. 

THE  MODERATELY  STRATIFIED 
ESTUARY 

Chesapeake  Bay  and  its  tributary  estuaries  in  Mary¬ 
land  and  Virginia  represent  moderately  stratified  es¬ 
tuaries;  another  example  is  the  mouth  of  the  Mira- 
rnichi  River,  New  Brunswick,  Canada  (Bousfield, 
1955).  Other  estuaries  which  might  be  included  are 
the  estuarine  portion  of  the  Delaware  River  (but  not 
the  wider  portion  of  Delaware  Bay),  the  Savannah 
River  Estuary  in  Georgia,  and  the  harbor  of  Charles¬ 
ton,  South  Carolina. 

In  the  moderately  stratified  estuary,  the  dominant 
mixing  agent  is  turbulence  caused  by  tidal  action, 
rather  than  velocity  shear  at  the  interface  between  the 
salt  water  and  overlying  freshwater  layer,  as  in  the 
previous  case. 

The  logical  next  step  in  the  estuarine  sequence, 
following  the  frictionless  and  the  non-tidal  models,  is 
to  introduce  a  tide  of  moderate  amplitude,  which  will 
produce  random  water  movements  at  all  depths.  Tur¬ 
bulent  eddies  transport  fresh  water  downward  and 
carry  salt  water  upward,  in  contrast  to  the  domi¬ 
nantly  upward  advection  of  salt  across  the  interface 
which  constitutes  the  vertical  flux  of  salt  in  the  non- 
tidal  model.  The  result  of  this  two-way  mixing  is 
that  the  salt  content  of  both  the  upper  and  the  lower 
layers  increases  toward  the  sea ;  at  any  given  point 
the  bottom  layer  is  always  higher  in  salt  content  than 
the  top  layer.  The  boundary  between  the  seaward¬ 
flowing  upper  layer  and  the  counter-flowing  lower 
layer  occurs  with  a  mid-depth  region  of  relatively 
rapid  increase  in  salt  content  with  depth,  compared 
to  the  vertical  gradient  in  either  the  upper  or  the 
lower  layers.  In  this  case,  however,  the  sharp  change 
in  salinity  which  is  characteristic  of  the  salt  wedge 
■’ct::..ry  i'  absent. 

This  type  of  mixing  contributes  a  greater  volume 
of  salt  water  to  the  upper,  seaward-flowing  layer  than 
in  the  salt  wedge  estuary.  The  rate  of  flow  in  the 
upper  layer  of  the  moderately  stratified  estuary  is 
therefore  much  greater  in  volume  than  in  the  highly 
stratified  estuary,  necessitating  a  correspondingly 
larger  compensating  up-estuary  flow  in  the  lower 
layer. 

The  turbulent  eddies  produce  a  more  extensive  flux 
of  momentum  as  well  as  salt.  F.ddy  stresses  are  not 


confined  to  the  immediate  vicinity  of  the  interface 
between  salt  and  fresh  layers,  but  tend  to  extend  from 
the  surface  to  the  bottom.  If  the  estuary  is  to  main¬ 
tain  a  steady  state  over  time,  a  more  complicated  dis¬ 
tribution  of  pressure  gradients  must  lie  postulated 
than  was  necessary  for  the  salt  wedge  estuary.  Spe¬ 
cifically.  pressure  surfaces  in  the  lower  layer  are  no 
longer  horizontal,  but  slope  downward  toward  the 
head  of  the  estuary  in  order  to  counterbalance  the 
frictional  effect  of  turbulence  upon  the  compensating 
up-estuary  flow  in  this  layer.  Conversely,  in  the  up¬ 
per  layer,  pressure  surfaces  will  slope  downward  to¬ 
ward  the  mouth  of  the  estuary.  This  configuration  of 
pressure  surfaces  in  the  two  layers  is  due  to  the  mass 
distribution  brought  about  by  more  vigorous  mixing. 

What  is  the  ultimate  physical  mechanism  which 
produces  the  typical  circulation  of  a  moderately  strati¬ 
fied  estuary?  It  has  been  attributed  to  the  increased 
potential  energy  ui  the  system  which  follows  from  in¬ 
creased  exchange  between  the  freshwater  and  salt¬ 
water  layers.  More  accurately,  tidal  mixing  produces 
horizontal  density  gradients  of  increased  strength, 
which  in  turn  produce  horizontal  pressure  gradients 
of  sufficient  magnitude  and  extent  to  maintain  the 
relatively  higher  velocities  even  in  the  face  of  in¬ 
creased  eddy  friction.  Tidal  mixing  is  responsible  for 
both  the  increase  in  potential  energy  and  the  distribu¬ 
tion  of  potential  energy  within  the  estuary. 

Transient  departures  from  the  mean  in  response  to 
ebb  and  flow  of  the  tide  are  superimposed  on  the  mean 
slopes  of  the  pressure  surfaces.  Such  variations  have 
generally  been  assumed  to  be  symmetrically  distributed 
about  the  mean  and  to  be  suppressed  in  the  averaging 
process.  The  time  variation  in  inclination  of  the  pres¬ 
sure  surfaces  has  further  been  assumed  to  be  inde¬ 
pendent  of  depth,  reflecting  only  the  variations  in 
slope  of  the  water  surface.  As  a  result  of  this  assump¬ 
tion,  workers  have  concentrated  upon  the  vertical  gra¬ 
dient  of  the  pressure  surfaces,  as  related  to  the  dy¬ 
namics  of  mean  or  net  motion. 

More  critical  attention  needs  to  be  directed  toward 
the  averaging  process.  The  non-linear  inertial  terms 
in  the  equation  of  tidal  motion  involve  products  of 
velocities,  and  therefore  do  not  average  out  over  a 
tidal  cycle.  The  effect  of  the  non-linear  term  resulting 
from  a  variation  in  tidal  excursion  with  distance  along 
the  estuary  has  been  examined  by  the  author  (Pritch¬ 
ard,  1956).  Stewart  (1957)  lias  pointed  out  that 
curvature  in  the  tidal  channel  will  produce  a  cross¬ 
channel  inertial  force  which  must  be  taken  into  ac¬ 
count  in  the  lateral  equation  of  mean  motion. 

The  role  of  the  inertial  forces  may  be  considered 
as  follows:  If  the  effect  of  tidal  oscillations  upon  the 
mean  pressure  distribution  is  not  dependent  on  depth, 
it  will  be  equally  significant  over  the  whole  water 
column  and  detectable  only  by  examination  of  the 
absolute  slopes  i  f  the  pressure  surfaces.  On  the  other 
hand,  if  there  is  considerable  variation  in  the  effect 
of  tidal  oscillation  with  depth,  we  may  expect  the 
mean  effect  of  the  non-linear  terms  to  vary  in  a  simi¬ 
lar  manner.  It  follows  that  the  portion  of  the  mean 
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pressure  gradients  required  to  balance  the  non-linear 
terms  would  also  vary  with  depth.  The  salinity  strati¬ 
fication  within  such  an  estuary  would  depend  in  part 
on  the  inertial  forces  associated  with  tidal  motion, 
although  the  turbulent  flux  of  momentum  would  prob¬ 
ably  always  be  the  dominant  agent  because  of  the 
small  absolute  magnitude  of  the  inertial  effects. 

Like  ttie  simpler  salt  wedge  estuary,  the  partially 
mixed  estuary  shows  the  effect  of  Coriolis  force  op¬ 
erating  laterally  and  normal  to  the  direction  of  flow. 
A  lateral  asymmetry  tends  to  develop,  with  the  sur¬ 
face  layer  being  thicker  and  fresher  on  the  right  side 
of  the  e  Hiary  as  viewed  by  an  observer  looking  to¬ 
ward  the  mouth.  In  at  least  two  cases  where  this  dy¬ 
namic  situation  has  been  studied  (Cameron,  1951; 
Pritchard,  1956)  the  Coriolis  force  was  found  to  be 
balanced  mainly  by  the  lateral  pressure  force  due  to 
the  lateral  variations  in  mass. 

The  horizontal  pressure  gradients  set  up  by  the 
slope  of  the  water  surface  and  modified  by  the  salinity 
distribution  are  balanced  primarily  by  the  frictional 
forces  of  tidally  induced  turbulence.  It  is  desirable 
to  obtain  an  estimate  of  the  magnitude  of  the  forces 
necessary  to  accelerate  the  seaward  flow  of  surface 
water  and  decelerate  the  compensating  headward  flow 
of  the  deeper  water.  In  the  James  River  Estuary  in 
Virginia  (Pritchard,  1956),  the  field  accelerations 
were  found  to  be  rather  small  in  relation  to  friction. 
The  field  acceleration  would  be  expected  to  increase 
as  the  salinity  of  the  surface  layer  approaches  that  of 
sea  water.  In  certain  estuaries  (Stommel  and  Farmer, 
1953)  the  relation  between  inertia  and  the  salinity 
stratification  sets  an  upper  limit  on  the  amount  of 
mixed  water  which  flows  seaward  past  a  hydraulic 
control  set  up  by  appropriate  variations  of  width  and 
depth.  St.  John  Harbor.  New  Brunswick,  Canada,  is 
an  example  of  this  estuarine  situation,  according  to 
Stommel  and  Farmer. 

In  summary,  the  characteristic  salinity  distribution 
in  moderately  stratified  estuaries  may  be  said  to  be 
kinematically  governed  by  both  horizontal  and  lateral 
advection  of  salt,  as  well  as  by  non-advective  vertical 
flux. 

THE  VERTICALLY  HOMOGENEOUS 
ESTUARY 

When  tidal  mixing  is  sufficiently  vigorous,  the  ver¬ 
tical  salinity  stratification  breaks  down,  and  the  estu 
ary  approaches  true  vertical  homogeneity.  Under 
these  conditions  the  dynamic  and  kinematic  processes 
which  govern  circulation  will  be  associated  only  with 
horizontal  variations  in  salinity.  The  type  of  circula¬ 
tion  which  exists  in  a  vertically  homogeneous  system 
depends  upon  the  amount  of  lateral  homogeneity.  It 
should  be  borne  in  mind  that  the  vertically  homogene¬ 
ous  estuary  may  not  exist  except  as  a  theoretical  end 
member  in  the  estuarine  sequence.  Present  methods 
of  observation  may  not  be  adequate  in  space  and  time 
to  detect  the  very  slight  departure  from  true  vertical 
homogeneity  which  may  in  fact  be  present  in  an 
apparently  homogeneous  system. 


Estuaries  Showing  Lateral  Variation 
in  Salinity 

An  estuary  which  is  vertically  homogeneous  may 
show  lateral  as  well  as  longitudinal  variations  in 
salinity.  Owing  to  the  Coriolis  force,  the  water  on 
the  right  of  an  observer  looking  seaward  may  be 
lower  in  salinity  than  the  water  to  his  left.  A  cyclonic 
circulation  pattern  is  developed,  with  fresher,  seaward¬ 
flowing  water  concentrated  to  the  right  of  center  and 
a  compensating  up-estuary  flow  of  higher-salinity 
water  to  the  left  of  center. 

The  processes  which  ultimately  control  salt  distri¬ 
bution  in  such  an  estuary  are  imperfectly  understood. 
In  the  absence  of  a  vertical  salinity  gradient,  we  tend 
to  think  not  of  vertical  mixing  processes,  but  of  lateral 
and  longitudinal  transfer  of  salt  (by  advection  or  non- 
advective  processes)  as  the  controlling  factors.  How¬ 
ever,  vertical  mixing  must  be  invoked  to  account  for 
the  vertical  homogeneity.  The  difficulty  may  lie  in  an 
inadequate  mathematical  or  conceptual  representation 
of  the  process  of  non-advective  flux.  If  we  had  some 
better  means  of  observing  and  measuring  short-term 
vertical  variations  in  salinity,  we  could  say  much 
more  about  the  processes  of  vertical  mixing. 

In  contrast  to  the  apparent  lack  of  a  vertical  gra¬ 
dient  in  salinity,  the  vertically  homogeneous  estuary 
shows  considerable  variation  in  the  gradient  of  the 
horizontal  pressure  field  with  depth.  Vertical  velocity 
shears  are  present,  and  there  are  significant  vertical 
fluxes  of  momentum.  The  flux  of  momentum  is  bal¬ 
anced  by  an  appropriate  pressure-gradient  field  initi¬ 
ated  and  controlled  by  the  slope  of  the  water  surface 
and  the  lateral  salinity  gradient.  It  is  evident  that  the 
salinity  distribution  is  closely  linked  to  the  eddy  fric¬ 
tional  forces  set  up  by  the  vigorous  tidal  mixing. 

T he  Laterally  Homogeneous  Estuary 

Certain  vertically  homogeneous  estuaries,  particu¬ 
larly  those  which  are  relatively  deep  and  narrow,  do 
not  exhibit  the  cyclonic  circulation  pattern  just  de¬ 
scribed.  The  direction  of  water  movement  is  sym¬ 
metrical  about  the  longitudinal  axis.  Fluctuations  in 
velocity  arc  related  to  the  tides,  and  the  net  flow  aver¬ 
aged  over  several  tidal  cycles  is  directed  seaward  at 
all  depths.  There  is  a  tendency  for  salt  to  be  driven 
out  of  the  estuary  by  the  action  of  this  advective 
process.  There  must  be  a  compensating  non-advective 
longitudinal  flux  of  salt  directed  toward  the  head  of 
the  estuary. 

As  with  the  laterally  inhomogeneous  estuary,  this 
class  of  vertically  and  laterally  homogeneous  estuary 
exhibits  significant  variations  in  the  horizontal  pres¬ 
sure  gradient  with  depth.  The  longitudinal  salinity 
gradient  produces  a  decrease  in  the  seaward  slope  of 
the  pressure  surfaces  with  increasing  depth.  There 
must  exist  some  counterforce  which  varies  with  depth 
in  a  like  manner.  In  the  present  state  of  knowledge 
we  are  unable  to  identify  this  force,  except  to  suggest 
that  it  may  somehow  he  related  to  a  vertical  gradient 
in  the  asymmetry  of  tidal  ebb  and  flow.  More  precise 
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and  detailed  measurements  of  tidal  velocity,  and  fur¬ 
ther  theoretical  investigation  of  the  non-linear  terms 
in  the  tidal  equation  are  necessary  in  order  to  improve 
our  understanding  of  this  feature  of  estuarine  dy¬ 
namics. 

As  mentioned  at  the  beginning  of  this  section,  true 
vertically  homogeneous  estuaries  may  not  exist  in  na¬ 
ture,  and  our  task  would  be  easier  if  they  did  not,  for 
only  a  small,  perhaps  undetectable,  vertical  stratifica¬ 
tion  would  be  necessary  in  order  to  remove  certain 
of  the  anomalies  which  have  been  discussed. 

FACTORS  CONTROLLING  POSITION 
IN  THE  ESTUARINE  SEQUENCE 

The  physical  parameters  which  appear  to  be  most 
important  in  controlling  the  degree  of  vertical  strati¬ 
fication,  and  hence  the  position  of  the  estuary  in  the 
sequence  of  estuarine  types,  are  the  volume  and  rate 
of  freshwater  inflow,  the  strength  of  the  tidal  current, 
the  width  of  the  estv.ary,  and  the  depth  of  the  estuary. 
An  estuary  is  moved  along  the  sequence  from  the 
highly  stratified  salt  wedge  estuary,  through  the  par¬ 
tially  mixed  estuary,  to  the  vertically  homogeneous 
estuary,  with  decreasing  river  flow  and  decreasing 
depth,  and  with  increasing  tidal  current  and  increas¬ 
ing  width. 

The  combination  of  parameters  which  has  a  domi¬ 
nant  effect  on  the  degree  of  stratification  and  on  the 
character  of  the  circulation  pattern  is  the  ratio  of  the 
volume  of  water  flowing  up  the  estuary  through  a 
given  section  during  the  flood  tide  to  the  volume  of 
fresh  water  flowing  into  the  estuary  above  the  section 
during  a  complete  tidal  cycle.  When  this  ratio  is 
small  (on  the  order  of  unity),  the  stratification  and 
circulation  approximate  those  of  a  salt  wedge  estuary. 
When  the  ratio  becomes  larger  (on  the  order  of  from 
10  to  100),  the  waterway  has  the  characteristics  de¬ 
scribed  for  a  partially  mixed  estuary.  Vertically  ho¬ 
mogeneous  estuaries  occur  only  when  the  ratio  is  of 
the  order  of  1,000. 

Observations  of  Estuarine  Circulation 

As  stated  previously,  evidence  for  these  various 
classes  of  coastal  plain  estuaries  comes  from  direct 
observations  of  the  distribution  of  chemical  and  physi¬ 
cal  properties  and  from  direct  measurements  and  in¬ 
direct  inferences  with  respect  to  the  circulation.  In 
the  case  of  the  salt  wedge  estuary,  observational  evi¬ 
dence  is  quite  conclusive.  I  have  no  doubt  that  the 
circulation  pattern  as  described  exists  in  such  estu¬ 
aries  as  the  mouth  of  the  Mississippi.  Partially  mixed 
estuaries  are  by  far  the  most  common,  and  here  also 
direct  observation  of  currents  supports  the  circulation 
pattern  described  above.  To  my  knowledge,  no  ade¬ 
quate  set  of  long-term  current  measurements  has  di¬ 
rectly  established  the  existence  of  the  non-tidal  flow 
regime  inferred  for  the  vertically  or  sectionally  homo¬ 
geneous  estuary. 

I  believe  it  is  quite  possible  th.it  no  true  vertically 
homogeneous  or  sectionally  homogeneous  estuaries 
exist.  Only  very  small  or  even  intermittent  vertical 


gradients  need  occur  to  provide  for  a  significant  ver¬ 
tical  shear  in  the  net  non-tidal  velocity  field.  This 
possibility  is  supported  by  measurements  made  in  the 
Mersey  Estuary  by  Bowden  (1960).  In  the  section 
of  this  waterway  designated  as  the  Narrows,  previous 
investigators  had  considered  the  estuary  as  essentially 
vertically  homogeneous.  Bowden  found  that  only  a 
very  small  vertical  salinity  gradient  existed  at  maxi¬ 
mum  flood,  but  that  more  significant  gradients  oc¬ 
curred  at  other  times.  The  average  difference  in 
salinity  over  a  tidal  cycle  between  the  surface  and 
bottom  in  20  m  depth  was  about  1  %*.  Bowden  made 
hourly  current  measurements  for  two  separate  50-hour 
periods.  In  both  cases  he  found  that  the  net  non-tidal 
velocity  showed  a  down-estuary  movement  in  the 
upper  half  of  the  water  column  and  an  up-estuary 
movement  in  the  lower  half  of  the  water  column.  The 
vertical  variation  in  net  non-tidal  velocity  was  re¬ 
markably  similar  to  that  observed  in  the  James  River 
(Pritchard,  1956),  where  the  mean  vertical  variation 
in  salinity  was  about  3  %<,  in  only  7.5  m. 

Several  other  investigators  have  reported  direct 
observations  of  the  two-layered  circulation  pattern  in 
partially  mixed  estuaries.  Thus,  Stewart  (1958)  com¬ 
puted  the  net  rion-tidal  flow  pattern  through  sev¬ 
eral  sections  in  New  York  Harbor  based  on  Coast 
and  Geodetic  Survey  current  observations.  Simmons 
(1955)  has  summarized  the  findings  of  the  U.  S. 
Army  Corps  of  Engineers  for  several  estuaries,  both 
from  direct  field  measurements  and  from  large-scale 
hydraulic  model  studies. 

I  believe  about  the  most  thoroughly  analyzed  set  of 
observations  from  a  partially  mixed  estuary  are  those 
made  in  the  James  River  Estuary  in  the  summer  of 
1950.  Observations  were  made  at  three  sections  in 
the  estuary,  for  three  periods  of  time,  each  of  which 
was  from  4  to  11  days.  The  sections  were  located  at 
approximately  20  km  above  the  mouth  of  the  estuary, 
where  the  mean  salinity  was  about  17.0  %c\  at  ap¬ 
proximately  31  km  above  the  mouth,  where  the  mean 
salinity  was  about  12.5  %c;  and  at  approximately  44 
km  above  the  mouth,  where  the  mean  salinity  was 
about  5.0  %c.  I  will  present  results  only  for  the  mid¬ 
dle  section,  and  concentrate  primarily  on  only  one  of 
the  three  periods  of  observation.  The  major  features 
were  similar,  however,  at  all  three  sections  for  all 
three  periods. 

Figure  1  shows  the  general  character  of  the  salinity 
distribution  at  the  surface  in  the  area  of  the  James 
studied.  Note  that  in  addition  to  the  increase  in  sa¬ 
linity  in  a  seaward  direction,  there  is  a  lateral  vari¬ 
ation,  with  lower-salinity  water  on  the  right  side  of 
the  estuary,  looking  downstream.  The  horizontal  pat¬ 
tern  remains  similar  at  sub-surface  depths,  although, 
of  course,  the  salinity  increases  with  depth  at  any  one 
point.  The  vertical  variation  at  Station  J-17  is  shown 
in  Figure  2  by  the  mean  salinity  profiles  for  the  three 
periods  of  study.  Note  the  surface  layer  of  weak  ver¬ 
tical  gradient,  an  intermediate  layer  in  which  the  rate 
of  change  of  salinity  with  depth  reaches  a  maximum, 
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Fig.  1.  Salinity  distribution  (in  %,)  at  the  surface  in 
a  portion  of  the  James  River  Estuary. 


and  a  deeper  layer  having  less  rapid  changes  of  salin¬ 
ity  with  depth. 

Figure  3  gives  the  vertical  profiles  of  the  mean  ebb 
currents  and  the  mean  flood  currents  for  the  three 
periods  of  study  at  Station  J-17.  The  ebb  flow  is  a 
maximum  at  the  surface  and  decreases  with  depth. 
The  current  velocity  during  the  flood  period  is  a  mini¬ 
mum  at  the  surface,  and  increases  with  depth  until 
near  the  bottom,  where  friction  apparently  has  some 
influence. 

The  net  non-tidal  velocity  is  plotted  as  a  function  of 
depth  in  Figure  4.  Positive  values  indicate  down- 
estuary  flow,  and  negative  values,  up-estuary  flow. 
The  vertical  profiles  of  net  non-tidal  velocity  obtained 
by  Bowden  in  the  Mersey  are  remarkably  similar  to 
those  shown  in  Figure  4. 

Note  that  the  mean  strength  of  the  ebb  and  flood 
currents  is  about  0.35  m/sec.  The  vertica1  mean  of 
the  net  non-tidal  velocity  directed  down-estuary  in  the 
surface  layer  is  0.066  m/sec,  or  about  19  percent  of  the 
average  tidal  currents.  The  net  up-estuary  velocity  in 
the  lower  half  of  the  water  column  has  a  vertical 
mean  value  of  0.070  m/sec.  This  is  about  20  percent 
of  the  average  tidal  velocity.  The  net  non-tidal  veloci¬ 
ties  are,  in  turn,  much  larger  than  the  mean  sectional 
velocity  required  to  transport  the  volume  inflow  of 
river  water  seaward,  which  was  computed  to  be  0.0073 
m/sec,  or  11  percent  of  the  net  non-tidal  surface  layer 
velocity. 


The  corresponding  values  observed  by  Bowden  in 
the  Mersey  were:  mean  strength  of  ebb  and  flood 
currents,  0.71  m/sec ;  net  non-tidal  velocity  in  the  sur¬ 
face  layer,  about  0.06  m/sec,  or  8.5  percent  of  the 
average  tidal  current;  and  non-tidal  current  in  the 
bottom  layer,  about  0.08  m/sec,  or  11  percent  of  the 
average  tidal  current.  The  mean  sectional  velocity 
required  to  transport  the  volume  inflow  of  the  river 
seaward  was  about  0.002  m/sec  for  one  period  and 
only  about  0.0009  m/sec  for  the  other  period  of  ob¬ 
servation.  These  average  only  2.5  percent  of  the 
surface  layer  non-tidal  velocity. 

Since  current  observations  were  made  at  three  sec¬ 
tions,  it  is  possible,  through  a  numerical,  stepwise 
integration  of  the  equation  of  continuity,  to  compute 
the  average  vertical  velocity  as  a  function  of  depth. 
A  plot  of  the  vertical  velocity  at  Station  J-17  is  shown 
in  Figure  5.  In  performing  the  integration,  the  kine¬ 
matic  boundary  condition  is  applied  at  the  surface 
(i.e.,  zero  vertical  velocity).  If  the  bottom  were  per¬ 
fectly  horizontal,  the  vertical  velocity  should  also  be 
zero  at  the  bottom.  The  slight  departure  of  the  com¬ 
puted  value  from  zero  at  the  bottom  probably  reflects 
the  accumulated  errors  in  the  data,  but  it  is  interesting 
that  the  sign  is  correct  considering  the  local  bottom 
slope. 

The  vertical  velocity  is  directed  upward  at  all 
depths,  except  very  close  to  the  bottom  as  noted  above, 
and  has  a  maximum  value  of  about  1  X  10~8  m/sec 
at  mid-depth.  While  this  is  a  very  small  number,  it 
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J-17  Mean  ebb  ft  flood  velocity  (in  ms*1) 


Fig.  3.  Vertical  profile  of  mean  ebb  and  flood  currents 
at  Station  J-17. 


should  be  noted  that  this  provides  a  volume  rate  of 
flow  front  the  lower  layers,  which  are  moving  up  the 
estuary  into  the  upper  layers,  which  are  moving  sea¬ 
ward,  equal  to  the  V  *al  inflow  from  the  river  in  each 
4  km  of  length  of  the  estuary. 

These  data  were  also  used  to  determine  indirectly 
the  longitudinal  and  vertical  eddy  flux  terms  from  the 
salinity  balance  equation,  and  to  estimate  the  magni¬ 
tude  of  the  various  terms  in  the  dynamic  equations. 
Neglecting  the  lateral  advective  and  non-advective 
terms,  the  salt  balance  equation  can  be  written 

dsldt  —  —  [flf  !dxt  ]  —  [3(n'«3j) ,  fl.r.,1 
-I-  [  ( 1  /  w)  ( dldx )  ]  (to  (m,V)} 

+  [  ( 1  «»)  ( d  a-r3)  ]  (to  <m3Y)}, 

where : 

s  —  tidal  mean  salinity  at  .r,,  ,r:l 
i«|  =  longitudinal  component  of  the  tidal  mean 
velocity 

Uj  =  vertical  component  ot  the  tidal  mean 
velocity 

ie  =  width  of  the  estuary  at  the  section  r,. 
and  depth  .r3 

M|\  ua'  =  turbulent  velocity  deviations 
s'  =  turbulent  salinity  deviation 
(  )  =  time  mean. 

If  this  equation  is  integrated  from  the  surface  to 


ihc  bottom,  the  vertical  terms  drop  out,  and  the  verti¬ 
cal  mean  vaiue  cf  the  horizontal  eddy  flux  term, 
(KjY),  can  be  computed  from  the  observations  of  the 
mean  salinity  related  to  depth  and  the  mean  longi¬ 
tudinal  velocity  related  to  depth.  Such  a  computation 
shows  that  the  horizontal  eddy  diffusion  is  small  com¬ 
pared  to  the  advective  flux  of  salt  due  to  the  net  non- 
tidal  horizontal  flow. 

Using  the  condition  that  there  can  be  no  flux  of 
salt  through  the  bottom,  the  salt  balance  equation  can 
be  numerically  integrated  stepwise,  and  thus  values 
of  the  vertical  eddy  flux  of  salt  can  be  computed  as  a 
function  of  depth.  Figure  6  shows  the  results  of  such 
a  determination  for  Station  J-17,  for  the  observational 
period  18-23  June.  Computations  for  the  other  two 
sections,  and  for  all  three  periods  of  observation,  gave 
similar  results. 

These  determinations  showed  that  the  salt  balance 
is  dominated  by  the  horizontal  advective  term  and  the 
vertical  eddy  flux  term,  except  near  mid-depth  where 
the  vertical  advective  term  becomes  important. 

Classically,  the  eddy  flux  terms  have  been  assumed 
to  be  equal  to  the  product  of  an  eddy  diffusivity  times 
the  mean  salinity  gradient.  Thus 

(«3'-0  =  -  dsld. rv 
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Fig.  4.  Vertical  profile  of  net  turn-tidal  velocity  at  Sta¬ 
tion  J-17.  Net  flow  is  seaward  in  the  upper  layer  (posi¬ 
tive  values)  and  up-estuary  in  the  lower  layer  (negative 
values). 
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u3  (in  ms''x  I0‘5) 
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I;ig.  S.  Average  vertical  velocity  (u»)  as  a  function  of 
depth  at  Station  J-17. 


Using  this  relationship,  the  vertical  eddy  diffusivity 
can  he  computed.  Figure  7  gives  K3  related  to  depth. 
The  minimum  in  this  curve  occurring  at  mid-depth  is 
associated  with  the  high  vertical  stability  in  the 
halocline. 

-<U3s'>(inqm‘zs*,x|0'3) 
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Fig.  6  Vertical  eddy  tlux  of  salt  <«'»  s')  as  a  function 
of  depth  at  Station  J-17. 
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Fig.  7.  Vertical  eddy  diFosivity  (A'»)  as  a  function 
of  depth  at  Station  J-17. 


The  appropriate  time  mean  longitudinal  equation  of 
motion,  for  a  point  along  the  central  axis  of  the 
estuary,  can  be  written 

dul/dt  +  u,  (SUjidx,)  +  ttj  ( dut/dxs ) 

+  (d  dx,)  < U,U ,)  +  ( 9/Sx ,) 

=  -  (adpldxx)  —  Oldx s)  (k,'ms'>. 

and  the  corresponding  lateral  equation  is 

O  =  —  (a<ty  d. r.t>)  -  /  n,  -  (d/dx ,)  (Hj'mj'). 

where  here  the  instantaneous  velocity  was  assumed  to 
be  composed  of  i  tidal  mean  term  (*j,  «3)  ;  a  har¬ 
monic  term  of  tidal  period  ( L|,  l's) ;  and  a  turbulent 
deviation  term  (*/,  u3\  Uj'l.  The  terms  (a(dpldx ,)) 
and  (a(dfi'dx3))  represent  the  tidal  mean  pressure 
forces,  and  /  is  the  Coriolis  parameter. 

Except  for  an  undetermined  constant  representing 
the  actual  slope  of  the  water  surface,  the  terms 
(a  (dp  5->,))  and  {a (dp  dx3))  can  lie  determined  from 
observations  of  tenqierature  and  salinity,  using  the 
hydrostatic  equation.  Then,  using  the  equation  of 
continuity,  together  with  reasonable  values  of  the 
boundary  stress,  the  vertically  integrated  equations 
allow  the  determination  of  the  constant  term  repre¬ 
senting  the  surface  slope.  Stepwise  vertical  integra- 
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tion  then  gives  the  values  of  the  eddy  flux  of  momen¬ 
tum,  <Ui'u*')  and 

These  computations  show  that,  in  the  longitudinal 
equation,  the  important  terms  balancing  the  pressure 
force  are  the  vertical  eddy  friction  term  and  the  term 
involving  the  longitudinal  change  in  tidal  current 
amplitude.  In  the  lateral  equation,  the  pressure  term 
was  very  nearly  balanced  by  the  Coriolis  term.  That 
is,  even  in  the  estuary  there  is  very  nearly  geostrophic 
balance  if  only  the  component  of  the  pressure  force 
perpendicular  to  the  horizontal  velocity  i*  considered. 

The  vertical  variation  in  the  slope  of  the  pressure 
surfaces  is  also  determined  by  the  procedure  outlined 
above.  The  water  surface  slopes  down  toward  the 
ocean  and  also  from  the  right  side  of  the  estuary  to- 
ward  the  left,  looking  down  the  estuary.  Below  the 
water  surface  the  pressure  surfaces  decrease  in  slope, 
until  at  about  mid-depth  a  level  pressure  surface 
occurs.  The  data  were  not  adequate  to  determine 
whether  the  same  pressure  surface  is  level  both  longi¬ 
tudinally  and  laterally.  Below  mid-depth  the  pressure 
surfaces  slope  downward  from  the  ocean  toward  the 
river  and  from  the  left  side  of  the  estuary  to  the  right, 
looking  seaward. 

Author's  Note:  This  paper  is  Contribution  No.  92  of 
tlie  Chesapeake  Bay  Institute  and  the  Department  of 


Oceanography,  The  Johns  Hopkins  University.  It  was 

supported  by  the  Office  of  Naval  Research  through  Con¬ 
tract  Nonr  4010(11)  and  the  Natural  Resources  Institute, 

State  of  Maryland. 
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An  intrinsic  feature  of  a  coastal  ptain  estuary  is  a 
supply  of  fresh  water  which  exceeds  loss  by  evapora¬ 
tion.  Accordingly,  the  most  basic  contributions  to  the 
net  circulation  in  these  estuaries  are  the  net  seaward 
flow  required  for  disposal  of  the  fresh  water,  and  thi 
gravitational  convection  due  to  the  density  difference 
between  fresh  water  and  sea  water.  The  first  of  these, 
which  will  he  called  the  river  discharge  mode,  is  neces 
snrilv  present  in  conventional  estuaries.  The  gravita¬ 
tional  convection  mode,  characterized  by  a  landward 
How  near  the  Imttom  of  the  estuary,  is  a  result  of 
dynamic  interactions  between  the  salinity  and  current 
distributions  and  is  particularly  ini|M>rtant  in  estuarine 
circulation  studies 

Tlu  re  have  been  many  qualitative  discussions  of  the 
|M>ssil)le  relations  between  the  distributions  of  salinity 
and  mean  velocity,  implying  that  gravitational  con¬ 
vection  is  revealed  by  the  vertical  salinity  gradient. 
The  argument  that  a  sectionally  homogeneous  salinity- 
distribution  implies  a  unidirectional  mean  velocity  in 
an  estuary  has  sometimes  been  offered  in  support  of 
one-dimensional  theories  for  calculation  of  dispersal 
of  substances  introduced  into  estuaries.  On  the  other 
hand,  it  has  not  yet  been  unequivocally  shown  that 
sectionally  homogeneous  estuaries  with  significant 
freshwater  discharge  even  exist. 

This  paper  presents  s-.v.i*  results  of  theoretical 
studies  undertaken  to  improve  understanding  of  the 
relation  between  circulation  and  salinity  distribution 
in  estuaries  with  slight  to  moderate  salinity  stratifica¬ 
tion. 

KINEMATIC  RELATIONS 

Consider  a  tidal  river  channel  with  freshwater  dis¬ 
charge  K0  and  width  b.  Salinity  is  nearly  constant  in 
the  ocean  and  approaches  zero  at  some  distance  up¬ 
stream.  The  extent  of  salinity  intrusion  is  frequently 
controller!  by  dy  namic  rather  than  by  purely  geometric 
considerations  and  its  determination  is  one  of  the  goals 
of  theoretical  analysis  The  Coriolis  effect  has  l»een 
shown  to  lead  to  lateral  variations  of  salinity-  and  cur¬ 
rent.  but  this  is  a  secondary  effect  of  no  great  unpor- 
tance  if  the  estuarv  is  narrow. 

Assuming  that  the  estuary  is  laterally  homogeneous, 
cross-estuary  integral  forms  of  the  equations  f.,r  mass 
and  salt  continuity  may  tie  derived  as  shown  by 
Pritchard  i  PL'S  i  If  conditions  are  stationary  when 

‘  fttklrr**  Intiiiuit  f <  vcmfbrjfrxpkF.  EavtromiHmuU 
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averaged  over  one  or  more  tida)  cycles,  these  equations 
arc 

£(»«>  +  ~(M  -  0.  (1) 

and 


where  S  is  the  mean  salinity,  x  and  t  are  horizontal 
and  vertical  coordinates,  positive  seaward  and  verti¬ 
cally  downward  respectively,  u  and  tv  are  the  com¬ 
ponents  of  the  mein  velocity,  and  K,  and  K,  are  the 
components  of  eddy  diffusivity. 

An  iiiqiortant  difference  between  moderately  strati¬ 
fied  estuaries  and  salt  wedge  or  fjord  estuaries  is  that, 
in  the  former,  tidal  currents  are  sufficient  to  cause 
turbulent  mixing  of  fresh  water  and  sea  water  over 
the  full  depth  of  the  estuary  and  inhibit  large  vari¬ 
ations  in  stability.  It  is  assumed,  therefore,  that  the 
eddy  coefficients  arc  determined  primarily  by  tidal 
currents  and  river  discharge  but  are  independent  of 
the  details  of  the  mean  circulation  and  salinity  dis¬ 
tribution. 

A  frequent  approach  in  estuarine  work  has  been 
further  simplification  of  equation  (2)  by  assuming 
such  vigorous  tidal  mixing  that  the  estuary  is  verti¬ 
cally  as  well  as  laterally  homogeneous.  By  integra¬ 
tion  over  the  section,  one  then  obtains  the  one-dimen¬ 
sional  relation 


where  h  is  the  depth  of  the  estuary. 

A  single  integration  of  equation  (3)  gives,  for  K, 
—  a  constant, 


KS 


(4) 


which  is  the  L»sis  for  the  semi-empirical  technique 
projKised  by  Stommcl  (  1953)  for  determination  of 
effective  values  of  K ,  from  the  observed  distribution 
of  salinity.  When  equation  (4)  is  applied  to  estuaries 
which  are  not  sectionally  homogeneous,  the  meaning 
of  K,  may  lie  altered.  In  addition  to  upstream  salt 
llux  by  fluctuations  of  salinity  and  current  of  tidal 
period  or  less,  it  must  also  include  the  flux  due  to 
vertical  variation  in  mean  velocity,  which  is  advcctive 
rather  than  diffusive  in  cliaractcr.  This  application 
of  espi.it i- hi  1 4'  has  nonetheless  found  cimstderabie 
practical  application. 
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A  further  integration  of  equation  (4)  yields 

s  /;.&*■•  |s» 
where  S,  is  the  salinity  at  x  —  x,.  Expressions 
equivalent  to  equation  (5)  have  been  used  by  Arons 
and  Stonunel  (1951),  and  by  Ippen  and  Harleman 
(1961),  in  attempts  to  relate  the  diffusivity  to  tid.il 
parameters.  Hughes  (1958)  employed  equation  (4) 
to  estimate  the  diffusivity  from  salinity  data  for  the 
Narrows  of  the  Mersey  which  has  but  slight  salinity- 
stratification.  He  found  that  the  diffusivity  was  not 
determined  uniquely  by  the  tides,  but  varied  markedly 
with  the  river  discharge  as  well.  This  observation, 
among  others,  suggests  that  propositions  based  upon 
equation  (5)  are  not  likely  to  lie  very  successful  in 
moderately  stratified  estuaries.  The  one-dimensional 
theory,  of  course,  cannot  be  applied  in  problems  where 
vertical  variations  are  important  and  it  is  of  limited 
use  in  explaining  phenomena  related  to  these  vari¬ 
ations. 

DYNAMIC  RELATIONS 

A  more  detailed  treatment  of  the  problem  requires 
that  the  vertical  distribution  of  velocity  and  salinity 
be  taken  into  consideration.  The  velocity  distribution 
is  usually  unknown  and  is  determined  in  part  by  the 
salinity  distribution.  It  must  be  obtained  from  ap¬ 
propriate  dynamic  equations. 

Pritchard’s  (1956)  study  of  the  James  River  indi¬ 
cates  that,  except  for  nonlinear  tidal  accelerations 
which  influence  the  surface  slope  but  not  the  mean 
velocity,  the  dynamic  balance  in  coastal  plain  estuaries 
is  adequately  expressed  by 


ax  “  at  ~  at  v  at) 


where  f  is  the  pressure,  p  the  water  density,  and  q 
the  gravitational  acceleration.  The  e»My  stress,  r.  is 
represented  in  terms  of  an  eddy  viscosity  .4,  which, 
like  the  eikly  tliffttsiv  ity.  is  assumed  indeiiendcnt  of 
the  details  of  the  mean  flow 

Eliminating  the  pressure  between  equations  i  f>  i  ami 
I  7  i  ami  using  the  Boti'sinesq  approximation,  yield  a 
vorticity  e>|uation  for  the  mean  (low 


•»'/  .  <»«\  _  t*»# 
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The  relation  between  salinity  at’d  density  of  estu 
arme  water  may  be  taken  simply  as 

t  «■  fjl  *  wV-V  <  *»’ 

where  p,  t»  (lie  density  of  fresh  water  ami  .V,  a  con 
senimt  reference  salinity. 

Equal  k*.  i  1  I  |<rmit»  definition  of  a  tramqmrl 
stream  function,  y  so  thaf 


In  terms  of  ^  and  S/5,  =  6.  equations  (2)  anil  (8i 
become 

a+at  _  a+at  m  a,  aa\  a  /  ^ 

ax  at  at  ax  ax  \  ax)  dz\  at/  ' 

and 

Equations  (10)  and  (11)  arc  the  governing  equa¬ 
tions  for  the  circulation  ami  salinity  distribution  in 
the  estuary.  They  must  be  solved  simultaneously,  sub¬ 
ject  to  appropriate  boundary  conditions.  Solutions 
have  been  sought  which  satisfy,  in  addition  to  longi¬ 
tudinal  conditions  on  the  salinity  distribution,  condi¬ 
tions  for  conservation  of  salt  and  water  at  the  lound- 
aries.  for  no  slip  at  the  bottom,  ami  for  shearing  stress 
to  equal  the  wind  stress  at  the  surface.  r«. 

SOME  SIMILARITY  SOLUTIONS 

Rattray  and  Hansen  (1962)  showed  that  similarity 
solutions  were  possible  for  a  set  of  equations  very 
similar  to  (10i  and  (II).  Motivated  by  the  results 
from  Pritchard’s  (1954,  1956)  studies  of  the  James 
River  Estuary,  they  included  dynamic  considerations 
equivalent  to  equation  (11).  fait  deleted  vertical  ad- 
vection  ami  horizontal  diffusion  from  the  salt  flux 
equation.  Whereas  one-dimensional  treatments  sup¬ 
press  the  gravitational  convect'on  mode  of  circulation. 
Rattray  and  Hansen  had  to  suppress  the  freshwater 
discharge  mode  in  order  to  complete  their  analysis 
Their  result  applies  to  regions  where  the  freshwater 
discharge  mode  is  small  in  relation  to  the  gravitational 
convection  mode  of  circulation. 

Similarity  solutions  have  now  been  obtained  which 
intitule  both  the  freshwater  d-scharge  and  gravita 
tional  convection  modes  of  circulation.  These  solu¬ 
tions  are  possible  when  the  horizontal  variation  of  the 
eddy  coefficients  is  appropriate  in  relation  to  that  of 
the  width,  depth,  and  ntcr  discharge,  any  of  which 
may  vary  as  a  )>ower  or  an  exponential  function  of 
the  longitudinal  coordinate.  Eor  concise  presentation 
only  those  exanip’es  will  tie  considered  in  which  the 
estuary  is  idealized  and  is  assumed  to  have  a  rect.mgu 
lar  cross  sect-on  ol  constant  width  and  dei'th  E.  and 
ami  eddy  coefficient'  mi!c|iendmt  of  depth. 

Sot  (  1  to  Ns  WITH  UoNSTAM  Sm  I  MI  V  lltMUlM 

There  are  many  estu.nrs  in  winch  l«ith  the  hop 
zonta!  salinity  gradient  and  the  top  to  Imttoni  sahtnls 
difference  are  nearly  constant  over  a  considerable  do 
taiice  Similarity  solutions  with  this  pro(>rrty  arr  |»>s 
sd>!e  n  .i  ami  K,  arc  constant  and  K ,  has  a  seawaid 
gradient  rqu-d  to  the  riser  flow  |<-r  mot  cross  sectiiin 
A  tcmlcncs  for  lm-.gtludit.al  tins-ng  to  tie  greater 
seaward  has  lerti  e.bscrscd  trl  flushing  studies  e.f  { !>,- 
I ha mrs  )i\  Preskls  i  I’lM  *  am!  ot  (lie  I  H  !  i w  I r r  Kiser 
rmxJr!  In  Krni  i  I ‘>58  i  Ibis  mas  I*-  evplatiwsl  to 
longitudinal  sanation  in  either  truss  section  or  tula! 
current 

It  s»  cmscnient  to  define  dimetisi.irdexs  onrdmatc. 


SALT  BALANCE  AND  CIRCULATION 


47 


lor  the  vertical  and  horizontal  directions  by  = 
(;  //„),  and  7  =  (RJb0  h0  K,a)  x,  where  KTO  is 
equivalent  to  the  gross  diffusion  coefficient  defined  In¬ 
equation  (4)  and  can  f>e  inferred  from  the  horizontal 
salinity  gradient. 

The  solutions  are 


e 

-  (*  -  *.)  +  x(i)  , 

(12) 

.tml 

* 

(13) 

»  here 

xM 

-  S',**")- 

04) 

and 

0(i)  “}(2  —  3v  +  v‘)  —  ^  (i.~  -V  +  ?’) 

-  *J<?  -  V  +  2„‘).  (15) 

.1/  =  l(A'„  K.)l (RJb0)-]  denotes  the  ratio  of  tidal 
mixing  to  river  How,  and  T  -  ( h0 •  b0  rIf)/(p0  A  R0) 
is  the  normalized  wind  stress.  Ra  =  t  g  hazj  A  Kn 
is  an  estuarine  analog  of  the  Rayleigh  number  of 
thermal  convection  theory. 

Figures  1  and  2  show  the  horizontal  and  vertical 
aspects  of  the  salinity  distribution  given  by  cquat:ons 
(  12)  and  (14)  with  zero  wind  stress.  Figure  3  shows 
the  corresponding  vertical  variation  of  velocity  which 
is  independent  of  distance  along  the  estuary.  At  zero 
Rayleigh  number,  the  velocity  has  the  parabolic  pro¬ 
file  characteristic  of  parallel  flows  with  constant  vis¬ 
cosity.  Transition  to  two-layer  flow  occurs  near  a 
Rayleigh  number  of  30,  and  gravitational  convection 
becomes  well  developed  at  large  values  of  the  Ray¬ 
leigh  number.  For  very  large  values  of  the  Rayleigh 
number,  these  profiles  are  asymptotic  to  those  obtained 
by  Rattray  and  Hansen  (1962). 

Because  the  flow  is  normalized  to  the  river  dis¬ 
charge,  the  velocity  profiles  depend  only  upon  the 


(X-Xo) 

Fig.  I.  Longitudinal  distributions  of  salinity  given  by 
equation  (12). 
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Fig.  2.  Salinity  profiles  given  by  equation  (14). 


Rayleigh  number.  The  vertical  salinity  gradient  de¬ 
pends  upon  both  the  Rayleigh  number  and  the  tidal- 
mixing  parameter.  This  indicates  that  sensibly  ho¬ 
mogeneous  salinity  over  a  section  does  not  necessarily 
iniply  unidirectional  mean  flow  except  to  the  extent 
that  MM  correlates  with  Ra.  Some  correlation  is  to 
be  expected,  but  depth  is  likely  to  have  more  influence 
upon  Ra  than  upon  M. 

Figures  4  and  5  show  the  influence  of  surface  wind 
stress  on  the  vertical  profiles  of  velocity  and  salinity. 
These  variations  are  also  very  much  like  those  shown 
by  Rattray  and  Hansen  (1962),  including  the  possibil¬ 
ity  of  three-layered  flow  for  sufficiently  great  land¬ 
ward  wind  stress. 

If  the  eddy  coefficients  could  be  estimated  from 
river  discharge  and  tidal  parameters,  equations  (12) 
and  (13)  could  be  used  to  predict  distributions  of 
velocity  and  salinity.  Since  this  is  not  yet  possible, 
in  order  to  compare  theory  and  observations  it  is 
necessary  to  utilize  data  from  regions  where  suffi¬ 
ciently  detailed  observations  have  been  made  to  per¬ 
mit  evaluation  of  the  coefficients.  The  salinity  dis¬ 
tribution  in  the  outer  portion  of  the  James  River 
Estuary  has  the  general  aspect  of  Figure  1.  Data  from 
the  Operation  Oyster  Spat,  published  by  Pritchard 
and  Kent  (1953)  and  Pritchard  (1956),  arc  sufficient 
to  permit  estimation  of  all  parameters  required  by  the 
theory.  Near  station  J-ll,  the  values  of  Ra  and  M 
are  estimated  to  be  850  and  15,  respectively.  Figures 
6  and  7  show  the  vertical  profiles  of  salinity  and 


Fig.  3.  Velocity  profiles  given  by  equation  (13). 
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Fig.  4.  Veto  .y  profiles  given  by  equation  (13). 


velocity  calculated  with  these  values,  compared  with 
those  actually  observed.  The  velocity  profiles  in  par¬ 
ticular  do  not  agree  well.  Agreement  can  be  improved 
somewhat  by  arbitrary  adjustment  of  the  Rayleigh 
number  within  the  limits  of  its  uncertainty,  but  an 
even  greater  improvement  is  effected  by  assumption 
of  a  small  amount  of  surface  stress.  With  surface 
sl._.,s  equal  to  0.1  dyne/cm2,  the  agreement  becomes 
reasonably  good.  A  reliable  estimate  of  the  mean  sur¬ 
face  stress  for  the  period  of  the  current  observations 
is  not  available.  Winds  of  force  3  and  4,  variable  in 
direction,  but  with  a  slight  preponderance  from  the 
west,  were  observed,  so  a  small  net  stress  is  possible. 

The  observed  velocities  still  lie  almost  uniformly  to 
the  left  of  the  theoretical  profile.  Some  discrepancy 
is  no  doubt  due  to  the  assumption  of  constant  vis¬ 
cosity,  but  the  considerable  departure  of  the  real  chan¬ 
nel  shape  from  the  rectangular  cross  section  assumed 
in  the  model  is  probably  of  equal  importance. 

Assumption  of  surface  stress  as  large  as  0.1  dyne/ 
cm2  appears  to  impair  agreement  between  the  the¬ 
oretical  and  the  observed  salinity  profiles.  However, 
the  uncertainty  in  estimating  the  tidal-mixing  pa¬ 
rameter  M  is  enough  that  the  observed  mean  salinity 
is  consistent  with  such  a  wind  stress.  The  important 
point  in  wind  stress  is  not  so  much  what  the  actual 
stress  may  have  been  during  observation,  but  rather 
recognition  of  the  great  influence  of  even  fairly  small 
wind  stress  on  the  distributions  of  mean  velocity  and 
salinity. 
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Fig.  5.  Salinity  profiles  given  by  equation  (14). 
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Fig  6  Theoretical  ( — )  and  observed  (•)  mean  salinity 
profiles  at  James  River  Station  J-ll. 


The  foregoing  solutions  arc  easily  applied  to  ob¬ 
tain  estimates  of  effective  values  of  the  eddy  coeffi¬ 
cients  in  estuarine  regions  which  have  a  salinity  dis¬ 
tribution  like  that  of  the  model.  If  surface  stress 
is  negligible,  knowledge  of  the  river  flow  and  mean 
velocity  at  a  depth  other  than  near  40  percent  of  the 
total  depth  will  suffice  in  principle  to  estimate  the 
Rayleigh  number.  Observation  of  the  horizontal  and 
vertical  salinity  gradients  will  then  permit  estimation 
of  M,  and  calculation  of  the  eddy  coefficients. 

The  salinity  distribution  in  the  Narrows  of  the 
Mersey  Estuary  also  approximates  that  shown  by 
Figure  1.  Equations  ( 12)  and  ( 13  )  have  been  used  to 
determine  effective  values  of  A  and  K.  for  the  Nar¬ 
rows  by  using  salinity  and  velocity  data  published  by 
Bowden  (1960).  Figures  8  and  9  show  the  observed 
profiles  of  velocity  and  salinity  and  theoretical  pro¬ 
files  calculated  with  Ra  ~  2500,  and  M  =  225.  These 
values  of  M  and  Ra  imply  values  of  A  near  28  cm2/ 
sec  and  K.  near  14  cm2/sec.  With  a  more  direct  and 
detailed  analysis  of  the  observed  data,  Bowden  ( 1960) 
obtained  estimates  of  A  and  K,  at  several  depths.  His 
estimates  range  from  9  to  62  cm2/sec  for  A  and  from 
3  to  27  cm2,  sec  for  K,. 

The  horizontal  diffusivitv  Rz  may  be  estimated  from 
the  distribution  of  salinity  and  velocity  by  means  of 
the  condition  for  no  net  salt  flux  through  any  section. 


(16) 


Substitution  of  equations  (12)  and  (13)  into  (16) 
yields,  for  zero  wind  stress, 


Kj_ 

Ajn 


oil 


Applied  to  the  Narrows  of  the  Mersey,  equation 
(17)  indicates  a  value  cn  Kx  near  2  X  10®  cm2/sec. 
Bowden  (1960)  found  the  value  3.5  X  10®  cm2/sec 
for  a  comparable  coefficient  based  on  salt  flux  due  to 
salinity-velocity  fluctuations  of  tidal  period.  His  re¬ 
sults,  however,  indicated  a  net  salt  flux  which  he 
attributed  to  possible  cross-channel  variations  or  non¬ 
stationary  conditions.  When  the  Rayleigh  number  is 
large,  equation  (17)  becomes  very  sensitive  to  errors 
in  estimation  of  M  and  Ra,  so  that  only  very  approxi¬ 
mate  values  of  Kx  may  be  determined  by  it  for  estu- 
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Fig.  7.  Theoretical  ( — )  and  observed  (•)  mean  velocity 
profiles  at  Janies  River  Station  J-ll. 


aries  with  moderate  salinity  stratification  and  well- 
developed  gravitational  convection. 

Equation  (17j  shows  the  influence  of  stratification 
upon  the  apparent  horizontal  dififusivity  obtained  by 
application  of  one-dimensional  theory  to  estuaries 
which  are  not  sectionally  homogeneous.  The  ratio  of 
the  apparent  dififusivity  Kn  to  the  eddy  dififusivity  Kr 
tends  to  be  large  when  Ra  is  large,  because  associated 
with  the  gravitational  convection  is  a  net  upstream 
advection  of  salt  which,  in  the  one-dimensional  theory, 
must  be  considered  as  diffusion.  1  his  effect  will  be 
more  clearly  shown  in  the  next  section. 

These  solutions  also  show  the  possibility  of  error 
in  application  of  advection  concepts  when  diffusion 
is  important.  If,  for  example,  a  regime  described  by 
equation  ( 12)  were  to  be  interpreted  in  terms  of  a 
two-layered  model  at  a  section  where  the  mean  salini¬ 
ties  are  27  %0  and  30  application  of  advective 
budget  concepts,  like  those  given  by  Sverdrup  ft  a!. 
(1942,  p.  148),  for  estimation  of  the  inward  trans¬ 
port  V{  in  the  lower  layer  leads  to  the  conclusion 

I  i  “  si~—  S  ' 

The  actual  transport  is  given  by  equation  (13)  in 
terms  of  the  Rayleigh  number  and  wind  stress  and 
may  be  quite  different.  A  Rayleigh  number  near  250 
would  yield  V,  =  R0  with  zero  wind  stress. 

It  ;s  apparent  that  although  the  top-to-bottom  sa¬ 
linity  difference  in  the  Narrows  of  the  Mersey  is  only 
about  one  third  that  in  the  James  River  Estuary, 
gravitational  convection  is  nonetheless  more  developed 
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profiles  for  tlie  Narrows  of  (lie  Mersey. 


in  the  Narrows.  This  reflects  the  influence  of  depth 
on  the  Rayleigh  number,  for  the  depth  in  the  Narrows 
is  about  three  times  that  in  the  James  River. 

Solutions  with  Exponential  Salinity  Gradient 

In  the  inner  part  of  many  estuaries  the  vertical 
salinity  difference  is  not  constant  but  is  more  nearly 
proportional  to  the  mean  salinity  over  any  section. 
Similarity  solutions  having  this  property  are  possible 
if  K j  and  K.  are  constant  and  A  varies  as  A0extx  , 
where  A0  is  a  constant  and  7  is  defined  as  before  but 
in  terms  of  the  true  horizontal  dififusivity  Kt  rather 
than  the  gross  dififusivity  KT0,  and  A  is  the  ratio  AT,/ 
Kt„.  These  solutions  have  the  form 

S  1 1  4-  xOOl  ,  (18) 

and 

i  -  KsK* i)  ■  (19) 

Assuming  zero  wind  stress,  the  functions  x  and  <f> 
are  now  given  by 

x(n)  »  ^  (l  -  Aj  -  j  <t>  .  (20) 

and 

<Kn)  -  1(2  -  3v  +  e‘)  -  X  —  (*  -  V  4-  2,*) ,  (21) 

where  M  and  Ra  are  now  defined  in  terms  of  A„  and 
Kr.  The  characteristic  equation  for  A  is 

1 680 -\/( X  -  1)  -  234\  -  (546  +  Ro)\' 

+  jw>- a  g -!£(§)•(  A*.  («) 

Figure  10  shows  the  nature  of  the  horizontal  sa¬ 
linity  distribution  defined  by  equation  (18).  The 
salinity  distribution  in  the  inner  part  of  the  James 
River  Estuary  is  of  this  nature.  Figure  11  shows  a 
comparison  of  the  observed  horizontal  salinity  vari- 


SAUNITY  IN  %o 

28  29 


Fix  9.  Theoretical  (— )  and  observed  (•)  mean  salinity 
profile*  for  the  Narrow*  of  the  Mersey. 
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EST"AR!KS:  PHYSICAL  FACTORS 
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(X-X0) 

Fig.  10.  Longitudinal  distributions  of  salinity  given  by 
equation  (18). 


ation  in  this  region  in  comparison  with  that  calcu¬ 
lated  from  equations  (18).  (20),  (21),  and  (22)  us¬ 
ing  parameters  appropriate  to  Station  J-24.  Good 
agreement  between  theory  and  observations  extends  a 
surprising  distance  upstream  from  the  reference  sta¬ 
tion.  Good  agreement  in  the  downstream  direction 
is  not  to  be  expected  because  conditions  in  the  outer 
part  of  the  estuary  are  of  the  type  described  hv  equa¬ 
tions  ( 12)  and  (13). 

The  relative  importance  oi  upstream  salt  flux  by 
horizontal  diffusion  and  by  gravitational  convection 
may  also  be  interred  from  equation  (22).  For  very- 
large  values  of  3(  at  a  fixed  value  of  Ha,  A  tends 
toward  unity,  while  g  tends  to  zero.  The  salinity  dis¬ 
tribution  therefore  approaches  the  one-dimensional 
result  given  by  equation  (5)  with  constant  K,,  al¬ 
though  gravitational  convection  may  nonetheless  oc¬ 
cur,  While  a  sectionallv  homogeneous  salinity  dis¬ 
tribution  does  not  necessarily  imply  unidirectional 
mean  flow,  it  does  imply  that  gravitational  convection 
does  not  contribute  to  the  longitudinal  salt  flux. 

In  the  other  limit,  for  very  large  Rayleigh  numbers 
and  a  hxed  value  of  \l,  a  becomes  small  Under 
these  conditions  hoth  the  gravitational  convection  and 
the  vertical  salinity  gradient  are  well  dev  rlojvd.  Up¬ 
stream  advection  of  salt  by  the  gravitational  remvee 
tioo  mode  may  nearly  balance  the  seaward  advectior. 
by  the  freshwater  discharge  mode  liquation  1 22 1 
gives  a  value  near  1  >  for  a  in  the  inner  |>art  of  the 
lames  River  Kstuary  This  indicates  that  the  horitvm- 
tal  salinity  gradient  is  only  1  v  that  required  to  balance 
the  seaward  salt  flux  of  the  freshwater  discharrr  made 
by  horizontal  diffusion  alone,  am!  agrees  with  I’ntch 
ard's  (  I ‘>54  I  finding  that  the  hortzonlal  salt  balance 
in  this  region  is  primarily  advertise 

A  NON  SIMILARITY  SOLUTION 

Real  estuaries  generally  will  not  rtgvw.widv  satisfy 
the  special  conditions  required  for  the  existence  of 
similarity  solutions.  This  does  not  msalnlatr  the  re 
suits,  but  may  limit  the  horizimlal  distance  over  which 
individual  sets  of  solutions  can  he  considered  to  apply. 


Very  similar  results  can  be  obtained  without  imposing 
the  special  conditions  required  for  similarity. 

To  facilitate  definition  of  dimensionless  variables 
without  losing  sight  of  the  principle  involved,  it  can 
be  assumed  that  A  and  K,  are  consent,  and  K,  will 
be  expressed  as  the  product  of  a  reference  magnitude 
Kj i  and  an  arbitrary  variable  k(x).  Then  upon  mak¬ 
ing  the  changes  of  variable, 

*  -  nk. ,  *  -  f .  »"d  t  -  RMt  n) . 

equations  (10)  and  (11)  become 

i  -  !*<{*ili  +  I/*-  .  (23) 

and 


♦ww  +  Ra»x  -  0  ,  (24) 

where  subscripts  indicate  partial  differentiation.  3/ 
and  Ra  are  defined  as  before  but  now  in  terms  of  KtX 
rather  titan  K„. 

M  has  been  shown  to  be  large  in  slightly  stratified 
estuaries.  Approximate  solutions  for  this  condition 
may  therefore  he  generated  by  means  of  the  series 
expansions. 

•  -  *.  +  Af  >#,+•••  . 

♦  **  6.  +  +  *  •  •  . 


Substituting  the  series  into  equations  (23)  and 
(24  k  collecting  terms  of  equal  degree  in  M,  and  in¬ 
tegrating  the  resulting  equations  for  8,.  8\.  and  by 
dj)  two  or  four  times  yields  (neglecting  surface 
stress  1 . 


and 


e 


».i£)  + 


1  dt.  \ 
-V  di  )  ’ 


) 


f 

(  • 


(2S) 


-  R2  -  3,  +  ,»)  -  *“  *'  (,  -  V  -r  2,«)  Alt) 


#.(£  I  is  the  solution  of 


a  non-dimensional  form  cf  equation  (3),  which  is 
easily  solved  when  live  variation  of  the  esldy  cueffi 
cient  is  sjwcified. 

At  any  section  llie  vertical  piofilcs  of  salinity  and 
velocity  given  bv  expiations  <25i  ami  t2fi)  are  hkr 
those  given  by  the  similarity  solutions  Profiles  oh 
tames!  irunt  similarity  solutions  can  chfler  only  by  a 
factor  at  a-t;  «cer*  sections,  *mt  the  x -dependence  of 
esjuat.ons  i  25 1  and  i*to  i"ow*  the  possibility  oi  a 
transition  irvwo  one  shape  of  profile  to  anothrr  hr 
tween  sections. 

In  the  limit  of  very  strong  tidal  mixing,  equation 
(25).  like  i  12l  or  i  IKi  approaches  the  onc-dimen 
sinnal  distribution  of  equatom  i5i.  but  unlike  (I2> 
or  *  18  -  is  not  subject  to  the  v|ecul  csmditions  re¬ 
quires!  tor  similarity. 

Tl-*-  pr  ce  paid  for  the  greats i  gmrraii.’y  ot  this 
result  is  that  it  is  restricted  in  application  to  estuarine 
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(x-x0) 

Fig.  II.  Tlieoretical  ( — )  and  observed  (•)  salinity 
distributions  near  Janies  River  Station  J -24. 

regions  with  very  slight  salinity  stratification  or  very 
jaxirly  develojieil  gravitational  convection. 

CONCLUSION 

Theoretical  results  have  been  present'll  which  show 
the  relationship  between  the  mean  salinity  distribu¬ 
tion  and  th  -  circulation  in  partially  mixed  estuaries 
and  which  define  conditions  under  which  different 
tyi>es  of  estuarine  regime  are  likely  to  occur.  These 
resul'..  concur  in  many  respects  with  Pritchard’s 
i  l*>55 i  tliscussion  of  the  relation  between  the  nature 
of  the  salinity  distribution  and  the  external  parame¬ 
ters  :  river  discharge,  tidal  mixing,  width,  and  depth. 

It  lias  been  shown  that  the  velocity  structure  in  es¬ 
tuaries  Ctiu.'d  te  inferred  with  confidence  front  the 
salinity  structure  alone.  Although  gravitational  con- 
vectio'i  tends  to  itKiiise  stratification  a  sectionallv 
homogeneous  salmiti  dist-.  ilmtion  is  not  sufficient 
evidence  tor  unidireclional  mean  flow.  Tlte  nature  of 
the  velocity  profile  ilejetKls  u|>on  an  estuarine  counter¬ 
part  o!  the  Rayleigh  numher.  Relatively  deep  estu¬ 
aries  iti  particular,  are  likely  to  develop  convection 
even  .11  the  presence  of  very  strong  tidal  mixing.  A 
sectionallv  Immogcncous  salinity  dis(rd>ution  implies 
tlul  the  upstream  wit  flux  is  primarily  caused  by 
horuontal  diffusion,  hut  the  same  statement  does  not 
nrcessjrilv  ap]dy  for  concentrations  of  other  material*, 
which,  for  a  variety  of  reasons,  may  have  vertical 
distributions  different  from  that  of  salinity. 

Observation  of  the  mean  wind  stress  ami  the  mean 


velocity  at  a  single  depth  will  suffice,  at  least  in  prin¬ 
ciple,  to  determine  the  Rayleigh  number  for  an  estu¬ 
ary  if  the  river  discharge  is  known.  Observation  of 
the  salinity  distribution  will  then  permit  calculation  of 
«  estimates  of  local  values  of  the  eddy  coefficients. 

S®  Finally,  rather  small  values  of  mean  wind  stress 
z  appear  to  have  greater  significance  for  the  circulation 
-  and  salinity  distribution  than  has  perhaps  been  recog- 
£  nized. 

1 

_i  Author \>  Note:  Contribution  No.  324  from  the  Depart- 
$  ment  of  Oceanography,  University  of  Washington.  This 
research  was  supported  in  part  by  the  National  Science 
Foundation  under  Grants  G  19788  and  GP  1101  and  in 
part  bv  the  Office  of  Naval  Research  under  contracts 
Nonr  477(10)  and  Nonr  477(37),  Project  NR  083  012 

LITERATURE  CITED 

ARONS,  A.  B.,  and  H.  STOMMEL,  1951.  A  mixing- 
length  theory  of  tidal  flushing.  Trans.  Am.  Geophys. 
Union,  53:419-421. 

BOWDEN,  K.  F.,  1960.  Circulation  and  mixing  in  the 
Mersey  Estuary.  I.AS.H.  Commission  of  Surface 
H  aters,  Publ.  No.  51:352-360. 

HUGHES,  P.,  1958.  Tidal  mixing  in  the  Narrows  of  the 
Mersey  Estuary.  Geophys.  J.,  Roy.  Astron.  Soc.,  1:271- 
283. 

IPPEN,  A  T..  and  D.  R.  F.  HARLEMAN,  1%1  One- 
dimensional  analysis  of  salinity  intrusion  in  estuaries. 
Committee  on  Tidal  Hydraulics,  U.  S.  Army  Corps  of 
Engineers,  Tech.  Bull.  No.  5. 

KENT,  K-  E.,  1958.  Turbulent  diffusion  in  a  sectionally 
homogeneous  estuary.  Chesapeake  Bay  Institute,  The 
Johns  Hopkins  Unit’..  Tech.  Rcpt.  XVI,  Ref.  58-1. 
PKEDDY,  W.  S.,  1954  The  mixing  and  movement  of 
water  in  the  estuary  of  the  Thames.  J.  Mamie  L  iol. 
Assoc.  U.  K..  33:645-662. 

PRITCHARD,  D.  W.,  1954.  A  study  of  the  salt  balance 
in  a  coastal  plain  estuary.  J.  Marine  Res.,  25133-144. 
PRITCHARD,  I).  W.,  1955.  Estuarine  circulation  pat¬ 
terns.  Proc.,  Am.  Soc.  Civil  En  ;rs.,  81.  (Separate  No. 
717). 

PRITCHARD,  D.  W.,  1956  The  dynamic  structure  of 
a  coastal  plain  estuary.  J.  Mcrine  Res..  15: 33-42. 
PRITCH  ARD.  D.  W.,  1958.  The  equations  of  mass  con¬ 
tinuity  ami  salt  continuity  in  estuaries.  J.  Marine  Res., 
17  412-423 

PRITCHARD.  D.  W„  ami  R.  E.  KENT.  1953  The 
reduction  and  analysis  data  from  the  lames  River 
Operation  Oyster  Spat.  Chesapeake  Bax  Institute.  The 
Johns  Hopkins  Unit  ..  T,  ■■  »eft.  VI.  Ref.  5M2. 
RATTRAY.  M.  J*.  ami  D.  .  HANSEN.  1962.  A 
similarity  solution  for  circulation  in  an  estuary.  J. 
Manne  kes  .  20  :121-133 

STOMMEL,  H.  1953.  Computation  of  pollution  in  a 
vertically  mixes!  estuary.  Sctoaoc  and  Ind.  IVastes.  35. 
lOn  5-1071. 

SVERDRUP.  II  U..  M  W.  JOHNSON,  ami  R  H 
FLEMING.  I*M2.  The  Oceans — T heir  Physics.  Chemis¬ 
try.  and  General  Biology.  Prentice-Hall,  Englewood 
Cliffs.  New  Jersey. 


■  -  \ 


Some  Aspects  of  the  Dynamics  of  Circulation  in  Fjords 
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The  term  fjord  is  applied  to  an  estuary  or  an  inlet 
which  has  steep  sides,  a  deep  basin,  and,  in  many  cases, 
a  sill  at  its  mouth.  The  salinity  distribution  is  typified 
by  a  rather  shallow  suriace  layer,  appreciably  diluted 
by  freshwater  runoff,  below  which  the  horizontal  and 
vertical  salinity  gradients  are  small.  The  mean  circu¬ 
lation  under  conditions  of  a  large  runoff  and  small 
tidal  mixing  is  restricted  to  the  surface  layers  but 
otherwise,  significant  velocities  may  exist  at  all  depths. 

Dynamically,  the  fjord  is  distinguished  from  the 
coastal  plain  estuary  in  that  the  primary  circulation 
takes  place  in  the  upper  layers  alone.  This  situation 
can  be  called  the  “idea!"  fjord  circulation  and  occurs 
when  the  influence  of  the  river  runoff  dominates  that 
of  tidal  mixing;  a  condition  commonly  satisfied  by 
fjord  geomorphology.  Under  these  conditions  the 
frictional  stresses  and  turbulent  mixing  depend  on  the 
mean  circulation  rather  than  on  the  tidal  currents. 
The  surface  circulation  consists  of  a  strong  outflow 
in  a  very  shallow  layer  and  an  inflow  immediately 
underneath. 

Othei  circulations,  which  are  dynamically  more 


similar  to  those  occurring  in  coastal  plain  estuaries, 
can  take  place  simultaneously  with  the  surface  circu¬ 
lation.  A  deep  circulation  is  possible  in  which  the 
forces  are  small  and  the  turbulent  mixing  is  generated 
by  the  tidal  motion.  With  a  shallow  sill  the  tidal 
velocities  may  be  sufficiently  large  to  extend  the  cir¬ 
culation  to  the  bottom  over  the  sill. 

Reviews  which  include  a  discussion  of  fiords  have 
been  given  by  Pritchard  f  1952)  and  Pritchard  and 
Cameron  (1963). 


DYNAMIC  BALANCE  IN  FJORD 
CIRCULATIONS 

Differential  Equations 

In  order  to  describe  the  dynamics  of  fjord  circula¬ 
tions  a  right-handed  rectangular  coordinate  system  is 
taken  with  the  origin  at  mean  sea  level  in  mid-chan¬ 
nel.  The  .r-axis  is  taken  positive  seaward  and  the 
r-axis  positive  downward.  The  equations  of  the  t'me- 
niean  motion  are 
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dl 


,  du 
+  u  + 
dx 


du 


dll 


1  i  dL  XX  ,  dr,, 

p  dx  +  dx  +  dy 


dr,, 

ds  ’ 


dv  ,  S>  dV  ,  , 

—  4 -  w  -  +  fu 

d  dx  dv  dl  1 


1  dp  drWT  .  dr„  dr ,, 
p  dy  dx  iiy  dt 


1  dp 
p  dz  ' 


0) 


(2) 

(3) 


where  u,  v,  w  are  the  components  of  mean  velocity,  / 
is  the  Coriolis  parameter,  p  is  the  pressure,  p  is  the 
density,  p  t<(  are  the  components  of  stress  due  to  the 
fluctuating  components  of  velocity  and  g  is  the  ac¬ 
celeration  of  gravity. 

The  /-  and  y-dependent  terms  in  the  x  component 
equation  are  usually  negligible  in  comparison  to  the 
others.  rIX  depends  on  the  rms  tidal  velocity,  u0 : 
effects  of  tides  are  included  by  adding  the  term 


-  (»)[(*«.’)/(*«>]  (4) 

to  the  right  side  of  equation  (11  and  may  lie  inqior- 
tant  in  some  cases. 

The  y-componont  equation  usually  represents  a  bal¬ 
ance  Ix’twecn  the  Coriolis  term  and  the  cross-channel 


Fig  I  Alaska  and  British  Columbia  fjord  regions. 
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pressure  gradient.  With  curved  channels  the  term 


dr,,  m 
Ox  “  R 


(5) 


with  R  equal  to  the  radius  of  curvature,  may  also 
liecome  important. 

The  salt  balance  equation  is 


OS  ,  OS  ,  OS 
oi  +  uTx  +  w7z‘ 


lfx(bu’S')  -  4  Jute'S')  (6) 


where  5  is  the  time  mean  salinity :  u',  S'  are  the 
deviations  of  velocity  and  salinity  from  the  mean ;  b  is 
the  width  of  the  fjord  and  the  bar  represents  a  time 
average.  Each  term  may  be  important  in  some  as¬ 
pect  of  fjord  circulation. 

Circulation  Over  Sills 

Because  of  larger  tidal  velocities  and  weaker  strati¬ 
fication  the  circulation  over  a  sill  may  be  quite  differ¬ 
ent  from  that  occurring  within  the  fjord,  and  may 
change  from  one  identified  as  an  “ideal”  fjord-type 
circulation  to  one  which  con  -sponds  to  coastal  plain 
estuaries.  An  example  demonstrating  this  effect  is 
encountered  in  the  Strait  of  Juan  de  Fuca  (Figs.  1 
and  2).  Redfield  (1950)  has  described  the  circulation 
and  mixing  which  occurs  in  this  regia;,  by  means  of 
a  composite  temperature-salinity  (T-S)  diagram 
(Fig.  3) ;  he  shows  a  two-laver  net  circulation  which 
extends  to  the  Imttoni  (Fig.  4).  Further  results  re¬ 
ported  by  Herlinveaux  and  Tully  (1961)  confirm 
these  features  and  make  possible  some  quantitative 
deductions.  The  longitudinal  pressure  gradient  and  the 
frictional  stress  terms  dominate  in  the  equation  of  mo¬ 
tion.  The  salt  balance  is  maintained  by  horizontal  ad- 
vection,  as  well  as  vertical  and  horizontal  diffusion. 
The  circulation  and  salt  balance  are  described  by  the 
theory  developed  for  coastal  plain  estuaries  and  are 
presented  by  Hansen  elsewhere  in  this  volume. 


Fig.  3.  Tcmjieiature- salinity  diagrams  for  the  Strait  of 
Juan  de  Fuca-Strait  of  Georgia  system  (Redfield,  1950). 

Deer  Circulation 

Beneath  the  surface  layers  the  circulation  is  gov¬ 
erned  by  the  pressure  gradient  and  frictional  stress 
terms,  with  acceleration  terms  possibly  important  due 
to  local  bathymetric  features.  The  salt  balance  is 
maintained  by  means  of  local  time  change,  vertical 
diffusion,  and  horizontal  and  vertical  advection,  de¬ 
luding  upon  the  particular  circumstances. 

Because  of  small  tidal  velocities,  the  eddy  diffusiv- 
ity  in  the  deep  waters  of  niost  fjords  is  exceedingly 
small  and  a  layered  structure  is  often  found  showing 
successive  advective  intrusion  of  waters  with  differing 


Fig.  4.  Net  circulation  in  the  Strait  of  Juan  de  Fuca 
(Redfield.  19501. 
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properties.  The  rate  of  circulation  in  basins  located 
behind  sills  depends  upon  the  relative  depth  of  the 
basin  and  the  sill,  the  tidal  mixing  over  the  sill,  the 
seasonal  changes  ot  the  outside  water  density,  and  tiie 
amount  of  the  freshwater  runoff.  As  shown  in  Figure 
4.  the  source  water  for  the  deep  circulation  is  a  mix¬ 
ture  of  a  surface  outflow  from  the  fjord  and  the  sub¬ 
surface  inflow  of  external  waters.  The  density  of  this 
mixture  dejiends  ui>on  the  density  of  the  two  con¬ 
tributory  sources  and  then  relative  rates  of  supply. 
Maximum  rites  of  replenishment  in  these  Icisins  occur 
at  times  of  maximum  densitv  of  the  source  waters. 

VV IX  IS- DR  I  VEX  ClRCl  I.ATIOX.  I*.  AST  SolND 

An  example  of  the  dynamic  balance  in  a  wind- 
driven  tjord  circulation  is  afforded  by  a  study  made 
in  Mast  Sound  during  a  ten-hour  period  of  steady  10 
ms  1  win-1  blow  ing  up  tlie  sound 

Hast  Sound  <  Fig.  5  I  is  13  km  lung.  3  km  wide  ami 
has  a  reasonably  uniform  mid-channel  depth  of  30  ni 
Front  3300  hr  July  30  to  0**00  hr  July  31.  1**50.  air 
rent  observations  ansi  wind  profile  measurements  were 
made  at  the  anchor  station.  Average  value-  «>t  longi¬ 
tudinal  velocity  and  wind  stress  were  cont|iutnl  ithe 
tulal  velocity  was  negligible  i  The  temperature  dis¬ 
tribution  wav  determined  in  a  bmgitudmal  section 
before  ami  aftrr  this  prriod.  and  the  denvity  distnlxi 
tion  ibrtermmrd  front  T-S  curves  obtained  during  llvr 


Fig  H  Temperature  and  wWtty  profiles.  Fast  Surd- 
July.  I*»5fi 


Fig.  7.  Balance  of  forces.  East  Sound — July,  1916. 

survey.  The  temperature  and  velocity  profiles  are 
shown  in  Figure  6.  Initially  there  was  an  upper 
mixer)  layer  below  which  the  temperature  decreased 
uniformly  with  dqith.  After  ten  hours  the  tempera¬ 
ture  at  mid-depth  fell  to  a  minimum.  The  average 
longitudinal  component  of  current  shows  a  three-layer 
circulation  with  inflow  at  the  surface  and  bottom,  and 
outflow  at  intermediate  depths. 

Since  the  accelerations  are  small,  the  longitudinal 
equation  of  motion  becomes  simply  a  lialance  between 
the  horizontal  pressure  gradient  and  the  vertical  gra- 
•Frnt  of  «:rr«-  Setti->g  the  pressure  gradimt.  deter¬ 
mined  to  within  a  constant  by  the  observed  distnuu- 
tion  of  mass,  cMual  to  the  stress  gradient  x-rmits  the 
stress  distribution  to  lie  determined  by  integration 
downward  from  the  surface.  The  sea-surface  slope  is 
obtained  by  setting  the  stress  equal  to  zero  at  the 
depth  of  zero  velocity  gradient.  A  check  on  the  as- 
sumptions  is  furnished  by  the  stress  going  to  zero 
again  at  the  lx>ttom.  Figure  7  shows  the  Italancc  of 
forces  lor  this  system.  Figure  8  shows  the  relation 
between  the  stress  ami  the  velocity  shear.  The  ably 
coefficient  of  viscosity  ranges  from  **0  cm-s  1  near 
the  surface  to  6  airs  1  near  the  bottom 

l.ovv-Ri  xoff  CtRcrt.  vriox.  Silver  ll  vv — 

M  vm  n.  1**57 

Silver  Bay  i  Fig.  *>  i»  a  Itord  typical  of  manv 
ftximl  along  the  coasts  ot  British  Columbia  and  Alaska 
McAlister  r»  ai  i|v».»sii  determined  the  magnitudes 
of  the  terms  m  the  r>|ualuxis  of  motion  ami  -ill  hal- 
alice  for  conditions  of  low  and  high  runoff.  1  Hiring 
the  |x-riod  March  37-31.  I**57,  the  runoff  vsas  4.35 
m’s  The  corrcs|xmdmg  temperature,  salinity,  and 
velocity  profiles  are  shown  in  Figure  10.  (Hltffon 


Kg  *  Stress  and  irlont)  shear.  Kail  Sml-jd;.  I»56 
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Fig  ')  Silver  Bay. 


temperature,  and  velocity  profiles  are  shown  in  Figure 
13.  The  surface  outflow  is  restricted  to  the  upper 
6  m,  a  strong  inflow  occurs  between  depths  of  6  m 
and  35  ni,  and  the  bottom  layer  has  a  small  outward 
velocity.  This  is  a  typical  fjord  surface  circulation 
where  the  effects  of  runoff  predominate  over  those 
due  to  tidal  mixing. 

The  balance  of  forces  is  given  in  Figure  14.  The 
pressure,  stress,  and  both  field  acceleration  terms  are 
important  in  the  upper  20  m.  Below*30  m  the  balance 
of  forces  is  between  the  horizontal  pressure  gradient 
and  the  stress  term.  The  stress  and  velocity  shears 
are  shown  in  Figure  15.  Values  of  the  eddy  coeffi¬ 
cient  of  viscosity  range  front  3  cmss_t  in  the  surface 
layers  to  30  cm’s'1  at  mid-depth. 

A  SIMILARITY  SOLUTION  FOR  FJORD 
CIRCULATION 


occurs  in  an  up|ier  layer  extending  to  almost  one-third 
the  total  depth  with  inflow  occurring  below  this  depth. 
A  large  velocity  shear  is  found  in  the  upper  few 
meters  of  the  water  column. 

Figure  11  shows  the  vertical  distribution  of  the 
dominant  terms  in  the  equation  of  motion.  The  hori¬ 
zontal  pressure  gradient,  the  vertical  gradient  of 
stress.  the  horizontal  field  acceleration  are  all 
important.  The  field  acceleration  in  the  upper  few 
meters  balances  the  pressure  gradient,  i>ot  ;s  small 
at  depths  greater  than  10  in,  except  for  the  accelera¬ 
tion  caused  by  the  sill.  The  veitical  distribution  of 
stress  and  velocity  shear  is  given  in  Figuie  12.  it 
can  lie  noted  that  while  the  velocity  shear  is  slightly 
negative  l>etween  depths  of  8  and  1 5  m.  the  stress  has 
a  minimum  value  but  remains  |x>sitive.  Such  condi¬ 
tions  cannot  be  adequately  described  in  terms  of  an 
eddy  coefficient  of  viscosity.  Values  for  an  eddy  co¬ 
efficient  of  viscosity  range  fiu<M  about  a  cm*s-1  in 
the  i’p|*cr  layer  to  about  120  cner  1  in  the  lower. 

H lull -IK'S orr  I'ui n..\TioN.  Silvia  Bay— 

July,  l*»5fi 

(Hiring  the  period  July  4-11,  l?5f,  the  runoff  into 
Silver  Bay  was  -49  m1*  ».  The  resulting  salinity. 


Kqt  19  Twmnlwr.  salinity,  and  velocity  profiles. 
Sitter  Bay-  March,  1957 


F.gr.vrio.Ns  for  Circulation  and 
Salt  Balancf. 

Since  the  more  interesting  variations  of  properties 
occur  in  the  longitudinal  and  vertical  directions  and 
the  relative  narrowness  of  fjords  precludes,  on  the 
average,  large  lateral  variations,  it  has  been  assumed 


tm  S*2  *  10s 

- ?C  C  20 


Ft*  11  Balance  at  forces.  Silver  Bay— March,  1757 
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in  the  follo%ving  development  that  these  variations  are 
nefid'f>ihle.  The  Boussinesq  approximation  is  used 
throughout.  With  these  simplifications  the  equations 
which  govern  the  steady-state  circulation  arc 


du  du  1  a  ,  J  / 

<)x  dz  p  Ox  ••  7  H  ’  ds\ 

'*$)•  (7» 

(8) 

L<'Ub*  +  03  “  0  ’ 

(9) 

Ox  Oz  Oz  V  Os) 

(10) 

A  and  K  aie  the  vertical  eddy  coefficients 

of  viscosity 

and  diffusivity,  respectively. 

An  approximate  equation  of  state. 

suitable  for 

fjords,  is 


p  -  p.  +  kS  (11) 

where  p0  and  k  are  constants. 

It  is  convenient  to  introduce  a  salinity  defect  5, 
defined  by 


‘1!> 

where  .S’„  is  a  reference  salinity,  taken  to  be  that  of 
the  oceanic  water  at  sill  depth.  A  stream  function,  ^ 
is  introduced,  such  that  the  velocities  arc  given  by 


ub 

wb 


*V'i 

bx' 


<«) 


Consideration  will  be  restricted  to  those  regions  of 
fjords  in  which  the  total  circulation  is  large  com¬ 
pared  to  the  freshwater  runoff,  and  in  which  this 
circulation  is  confined  to  the  upper  layers.  Under 
♦hose  conditions,  an  adequate  approximation  can  be 
obtained  by  taking  the  depth  to  the  bottom  to  be  in¬ 
finite  and  by  considering  the  stream  function  to  be 
zero  at  lioth  the  free  surface  and  at  great  depth.  Ad¬ 
ditional  lioundary  conditions  are:  at  the  free  surface, 
the  stress  is  equal  to  the  wind  stress  and  the  vertical 
salt  flux  is  zero ;  at  the  bottom,  the  velocity  is  zero, 
the  salt  flux  is  zero  and  the  salinity  approaches  its 
limiting  value,  Su.  The  condition  of  zero  horizontal 
salt  flux  through  each  section  gives  a  non-trivial  in¬ 
tegral  constraint  when  the  effect  of  freshwater  runoff 
is  included.  These  conditions  are  expressed  by  the 
following  equations : 

At  the  free  surface,  z  =  0: 

*(*.0)-0,  (14) 

/t|6- •*,(*, 0)].  -  t.(x)/p.,  (15) 

where  rK(x)  is  the  wind  stress  on  the  surface. 

At  the  bottom,  z  —  oo  : 

<Kx,a>)  -  V«(*. 00 )  “  2(x,  ®)  -  KZ,(x,  ®)  -0.  (16) 


The  salt  flux  constraint : 

0  -  j’buSdt 

-  S.Tbu  ds  +  dt  (17) 

J  .  ft  J  .  Oz 

«  S.R(x)  +  [\  &  ds  , 

R  J  »  03 

where  R(. r)  is  the  river  runoff  into  the  fjord  from 
its  head  to  the  section  at  x. 


1957. 


Fig.  1J.  Temperature,  salinity  and  velocity  profiles, 
Silver  Bay — July,  1956. 
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The  Similarity  Transformations 


The 

I  l‘W,J> 
taming 

procedure  applied  bv  Rattray  and 
to  coastal  plain  estuaries  is  followed 
similarity  solutions  in  the  forms 

Hansen 
in  oh- 

4{x,s)  “  K. b.(x /!.)■>  , 

(18) 

Kx.Z)  =  AV  t.-\x ft,)' 0( ij)  , 

< .i‘») 

win  re 

i  “  ~(.x  L)m 

(20) 

and  the 

parameter'  ot  the  problem  are  given  b\ 

Hx)  “  K(x‘l.Y  , 

(21) 

d(.r,5)  -  i-*  K.(x/!.r  A(t)  . 

(22) 

A'(v.s)  -  K.( •»•/.'.>*  F(v) . 

(23) 

K[  x)  ~  Rjx/t.V  . 

(24) 

<  -  kS./p,  . 

(25) 

Ru.  A'„,  l0,  /„  are  clinracteristic  values  lor  the  appro¬ 
priate  ijuantities;  k  is  a  constant:  <  is  the  differentia! 
density  ratio,  and  8  is  the  ratio  of  eddy  difftisivity  to 
eddy  viscosity  (assumed  constant).  <  is  small  (~3 
X  10“-)  while  8  is  less  than  or  crjual  to  unity  (~1 
to  10  -,  depending  upon  stratification). 

I’nder  the  above  transformations  of  variables,  cqua- 


Fig.  14.  Balanceof  forces,  Silver  Bay — July,  1956.  Fig.  15.  Stress  and  velocity  shear,  Silver  Bay — July,  1956. 
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The  wind  stress  relation,  equation  (15),  is 
F{ 0)  •  *"(0)  -  r., 

where  the  wind  stress  tu(x)  is  given  by 

r*Ax)  -  r.igixnr*-*. 


2 *»*(**i  -  *,*) 

(36)  -  r'ay.flO*.  -  16*,  +  12*,)  +  X« ,  (45) 

-  X*.  -■  a/,(»,  -  2) ,  (46) 

36*i  +  24*,  +  24*,  -f-  15*i0i 

(37)  +  l&M,  +  26*>9,  -  -  27  ,  (47) 


An  Approximate  Solution 

An  approximate  solution  to  the  problem  is  obtained 
by  taking  the  function  of  ^  to  be  products  of  an  ex¬ 
ponential  and  a  power  series  in  tj.  The  exponential 
term  insures  the  correct  asymptotic  behavior  as  y  — * 
»  and  the  power  series  expansion  determines  the 
shape  of  the  profiles  in  the  surface  layers.  The  eddy 
coefficient  of  viscosity  in  the  surface  layer  is  taken 
to  be  of  the  form  given  by  Ellison  (1960),  and  at 
great  depth,  it  is  taken  to  decrease  exponentially  with 
the  velocity.  These  conditions  satisfy  the  boundary 
conditions,  equations  (34)  and  (35),  and  are  ex¬ 
pressed  as  follows : 


*(>?)  -  «■*'  2  *-  •  (a,)“  * 
m— I 

(38) 

«i) 

• 

-  e-*'y.Qm-(av)~ , 

(39) 

FM 

-  i) , 

(40) 

where  a  is  a  measure  of  the  depth  of  penetration  of 
the  circulation. 

The  eddy  coefficient  could  readily  be  expressed  in 
terms  of  a  complete  power  series  but  this  refinement 
is  unwarranted  with  our  present  knowledge  of  its 
behavior.  Ellison’s  coefficient  is  equal  to  zero  at  the 
free  surface  and  also  equal  to  zero  for  conditions  of 
no  surface  stress.  With  density  structure,  these  con¬ 
ditions  no  longer  hold  and  the  surface  value  for  the 
eddy  coefficient  is  taken  to  be 

F{ 0)  -  an,  (41) 

where  rj0  corresponds  to  some  smalt  but  finite  rough¬ 
ness  length  presumably  related  to  the  wind  stress. 
r)„  is  treated  as  a  constant  in  the  subsequent  develop¬ 
ments. 

The  solution  is  obtained  by :  substituting  equations 

( 38 ) — ( 40 )  into  equations  (26),  (27),  (31),  and  (36); 
equating  the  coefficients  of  equal  powers  of  at)  in 
equations  (26)  and  (27)  ;  approximately  satisfying 
equation  (31)  by  including  only  those  terms  which 
are  in  equations  (26)  and  (27) ;  and  by  satisfying 
equation  (36)  exactly. 

Defining  new  coefficients  by 

*„  -  ,  (42) 

8rn  -  0./0. ,  (43) 

6  -  G.-» ,  (44) 

the  following  relations  are  obtained  for  the  lowest 
order  of  approximation : 


T. 

*  ~  ”  2a«»„'a,. 


r. 


(48) 


To  this  order  of  approximation. 

*(,)  -  *,(„,)  +  *^a,)»  +  *,(„,)* j  ,  (49) 

and 


90l)  -  0.e“Ml  +  «.(«„))  .  (50) 

Equations  (45),  (46),  and  (48)  are  solved  for  fa,, 
fa,  and  0,  in  terms  of  <£,  and  the  external  parameters. 
The  resulting  equations  are 


*,  ■*  *i  +  T , 


(51) 


*-*+3r  +  &*r- 


2-/>’ 


««X 
12 !/,<»• 


(52) 

(53) 


Substitution  into  equations  (49)  and  (50)  yields 


*{>»)  -  9„*e'*»|*i[ai|  -f  (ai,)’  +  J(a!j)»)  —  (aij)* 

+  r[  (a,)*  +  |  (a,)'  +  ^  *,(«,)*][  ,  (54) 
*„)  -  0^  j(l  +  2 an)  -  ~  a,  |  .  (55) 


Equation  (47)  with  the  aid  of  relations  (51 )— ( 53 ) 
gives  the  value  of  fa.  ©0  is  determined  by  the  magni¬ 
tude  of  the  horizontal  salinity  gradient  and  can  be 
estimated  from  the  length  of  the  fjord  and  the  salinity 
at  its  mouth.  The  value  of  a  depends  upon  the  rela¬ 
tion  of  the  eddy  coefficients  to  the  velocity  shear  and 
vertical  density  gradient. 

The  longitudinal  distributions  of  properties  are 
found  from  equations  (29),  (30),  and  (33)  ;  the  un¬ 
known  exponents  a,  y,  and  A  are  given  by  the  relations 


0  i  M  <r 

6  '  6  2  ' 

(56) 

6^2’ 

(57) 

50  5 ii  a 

6  +  6  2  ’ 

(58) 

in  terms  of  known  exponents  /?,  fi,  and  a- 


General  Discussion  of  the  Solution 

Limiting  forms  of  the  salinity  profile  are  given  in 
Figure  16.  The  result  given  by  equation  (55)  is  a 
linear  comb’ nation  of  these  two  profiles  which  depends 
on  the  quantity  A<f  |//ia.  Because  of  the  complicated 
dependence  of  this  quantity  on  the  external  param- 
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(a)  lb) 

Fig.  16.  Theoretical  profiles  of  salinity  defect  contributions. 


eters,  it  is  not  easy  to  see  under  which  conditions  the 
salinity  profile  will  be  similar  to  either  curve.  How¬ 
ever,  the  dependence  upon  A  is  rather  straightforward. 
For  small  or  positive  values  of  A  the  halocline  will 
occur  somewhat  below  the  surface  and  a  more  homo¬ 
geneous  surface  layer  will  exist  as  shown  in  Figure 
16(a).  For  larger  negative  values  of  A  a  maximum 
salinity  gradient  will  occur  at  the  surface  as  shown 
in  Figure  16(b).  The  latter  case  is  found  when  the 
relative  local  addition  of  fresh  water  is  small,  while 
the  former  is  found  when  the  local  fresh  water  addi¬ 
tion  is  large  and  the  horizontal  salinity  gradients  are 
small.  Pickard  (1961)  has  charaterized  the  vertical 
profiles  of  salinity  for  fjords  as  Type  1  and  Type  2 
( Fig.  IT).  His  Type  1  corresponds  to  the  form  given 
in  Figure  16(a)  and  his  Type  2  to  that  of  Figure 
16(b).  Pickard’s  Type  1(a)  cannot  be  reproduced 
unless  higher  terms  in  the  expansion  for  9  are  in¬ 


cluded.  Pickard  finds  Type  1  preferentially  occurring 
near  the  head  of  highest  runoff  inlets  while  Type  2 
occurs  more  commonly  near  the  mouth  and  in  low 
runoff  inlets.  This  distribution  corresponds  to  that 
deduced  from  the  A-dependence  as  given  above. 
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Fig.  17.  Types  of  vertical  profile  of  salinity  in  the  dial- 
low  rone  in  British  Columbia  (Pickard,  1961). 
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Vertical  profiles  for  the  velocity  terms  derived  from 
equation  (54)  are  gi.en  in  figure  18.  The  term  in 
Figure  18(a)  gives  the  surface  ou'.Pov  ;  the  term  in 
Figure  18(b),  whose  magnitude  is  proportional  to  the 
quantity  S(\/i2f,a4,  rep-eseuts  ti  e  effect  of  the  aensity 
distribution  in  modifying  the  basic  velocity  profile. 
The  ro! ;  o(  this  tern;  is  to  steepen  the  velocity  shear 
in  the  upper  layer.,  to  decrease  the  depth  of  the  inflow¬ 
ing  water  and  thus  confine  the  major  portion  of  the 
circulation  to  a  shallower  layer.  Figure  18(c)  shows 
that  tb*1  effect  rf  positiv'  wind  .  tre„j  ( pr^poi  don J  to 
T)  is  similar  to  that  of  density  distribution  and,  in 
addition,  provides  a  velocity  shear  at  the  free  surface. 
When  the  wind  stress  is  directed  up  the  fjord,  it  acts 
so  as  to  counteract  the  eFect  of  the  density  distribu¬ 
tion.  The  wind  stress  term  which  includes  the  factor 
Sv<fn/6fi<i  is  not  shown  but  will  have  a  shape  similar 
to  that  shown  in  Figure  18(b).  It  is  noteworthy  t^at 
appreciable  currents  extend  well  bemw  the  depth  of 
appreciable  dilution. 

The  longitudinal  dependence  of  properties  is  given 
by  equations  (56)-(58).  The  expression  for  a  in 
equation  (56)  shows  that  the  depth  of  the  circulation 
basically  increases  towards  the  mouth ;  that  an  in¬ 
crease  of  width  or  eddy  coefficients  augments  this  in¬ 
crease:  and  that  local  runoff  will  decrease  the  depth 
of  the  circulation.  Equation  (57)  for  y  shows  that 
the  velocity  increases  towards  the  mouth  and  is  in¬ 
creased  further  when  the  width,  runoff,  and  eddy  co¬ 
efficients  do  likewise.  The  salinity  defect,  as  shown 
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Fig.  18.  Theoretical  profiles  of  velocity  contributions. 

(a)  Velocity  contribution  is  e»»(l+ai|  f-J  ay—  Jay)  • 

(b)  Velocity  contribution  is— e  »*(3ay— ay) . 

(c)  Velocity  contribution  is -«.-*»(2ai;-|-3aV— 4/iaV)- 
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by  equation  (58)  for  A,  decreases  towards  the  mouth, 
is  decreased  further  by  an  increase  in  width  and  eddy 
coefficients,  but  is  increased  by  local  runoff. 

Previous  theoretical  investigations  on  the  dynam¬ 
ics  of  fjord  ciiculation  have  been  carried  out  by 
Stonunel  and  Farmer  (1952)  and  Cameron  (1951). 
Stommel  and  Farmer  considered  a  very  simplified 
two-layer  model  and  were  primarily  concerned  with 
the  thickness  of  the  upper  layer  and  with  the  horizon¬ 
tal  variations  of  properties.  Cameron  considered  a 
more  general  model,  but  again  imposed  a  particular 
velocity  profile  on  his  solutions.  His  assumed  velocity 
profile  is  given  by  the  first  two  terms  in  equation  (54) 
and  thus  cannot  reproduce  all  the  features  obtained 
above.  The  present  theory  is  an  extension  of  Cam¬ 
eron’s  which  enables  the  velocity  and  salinity  profiles, 
as  well  as  the  horizontal  variations  of  these  quanti¬ 
ties,  to  be  determined  simultaneously  from  the  basic 
equations.  Cameron  assumed  a  constant  coefficient  of 
eddy  viscosity,  while  in  the  present  development,  the 
eddy  viscosity  has  been  assumed  to  depend  upon  the 
nature  of  the  circulation.  It  is  apparent  that  the 
reality  of  the  theoretical  results  is  limited  by  an  in¬ 
complete  knowledge  of  the  dependence  of  the  eddy 
coefficients  of  viscosity  and  diffusion  upon  velocity 
shear  and  stability.  The  expression  for  the  eddy  co¬ 
efficients  which  is  used  to  obtain  the  foregoing  ap¬ 
proximate  solution  can  only  be  a  rough  approximation 
to  the  actual  vertical  dependence  of  these  coefficients. 

COMPARISON  OF  THEORY  WITH 
OBSERVATIONS 

Longitudinal  Distributions  of  Properties 

A  comprehensive  set  of  data  suitable  for  testing  the 
theoretical  longitudinal  distt  tbutions  f  properties  was 
obtained  by  Tully  (1949)  in  Alberni  Inlet  (Fig.  19). 
For  portrayal  of  those  conditions,  fj  was  set  equal  to 
zero,  indicating  approximately  constant  width ;  a  was 


set  equal  to  zero  although  there  is  no  a  priori  reason 
or  knowledge  of  the  distribution  of  the  eddy  coeffi¬ 
cients  along  the  channel ;  the  value  of  ft  was  deter¬ 
mined  from  drainage  areas  upstream  of  stations  A,  B, 
C,  and  D.  The  runoff  data  can  be  reasonably  well 
fitted  by  taking  fi  equal  to  ’/:  then  a  equals  —  4/0, 
y  equals  5/#  and  A  equals  Figure  20  shows 

curves  corresponding  to  these  values  of  the  exponents 
and  gives  the  observed  values  derived  from  the  data 
reported  by  Tuliy.  It  can  be  seen  that  the  observed 
values  from  sta'  ons  A,  B,  and  C  conform  rather  well 
with  the  theoretical  distributions.  In  three  cases,  the 
curves  apply  equally  well  to  station  D,  but  the  cor¬ 
responding  value  of  the  salinity  defect  shows  the 
effects  of  the  widening  of  the  inlet. 

Vertical  Distribution  of  Properties 

July  conditions  in  Silver  Bay  are  suitable  for  com¬ 
parison  with  the  theory,  ant’  although  the  simple  form 
assumed  for  the  vertical  dependence  of  the  eddy  co¬ 
efficient  does  not  closely  match  that  in  Silver  Bay, 
suitable  values  for  the  parameters  can  be  found  which 
yield  results  in  reasonable  agreement  with  the  ob¬ 
served  velocity  and  salinity  profiles. 

The  values  of  the  parameters  chosen  to  match  the 
given  conditions  are : 

c  =  3  X  10-*  A  =  -  0.5  a  =  0.24 

K0  =11  0e  =  8.4  <h  ~  -  0.33 

l0  =  0.14  cm  8  =  0.29  T  =  0 

The  resulting  profiles  are  given  in  Figure  21.  The 
observed  values  are  shown  tor  comparison.  It  can  be 
seen  that  the  theoretical  velocity  profile  compares 
favorably  with  the  observations  while  the  fit  for  the 
salinity  profile  is  not  quite  so  good.  The  agreement 
can  be  improved  by  more  adequately  representing  the 
actual  vertical  distribution  of  the  eddy  coefficients  of 
viscosity  and  diffusion,  and  by  including  the  effects  of 
wind  stress. 

SUMMARY  AND  CONCLUSIONS 

The  circulation  in  fjords  has  been  briefly  reviewed 
in  terms  of  the  quantities  responsible  for  the  dynamic 
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Fig.  20.  Longitudinal  distribution  of  properties  in  Al- 
bemi  Inlet 


Fig.  19.  Alberni  Inlet  (Tully,  1949). 
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MEAN  VELOCITY  MOTILE  TO A  SILVER  RAY  -  JULY 
(•) 


SALINITY  IN  %• 


MEAN  SALINITY  PROFILE  FOR  SILVER  BAY  -  JULY 
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Kir  21.  Vertical  distribution  of  properties  in  Silver  Hay. 

balance  and  the  salt  balance.  In  most  cases,  tin-  hal- 
ance  of  forces  is  Riven  by  the  equality  of  the  horiimi- 
tal  pressure  gradient  and  the  vertical  gradient  of 
turbulent  stress.  The  exceptions  occur  when  the  hori¬ 
zontal  acceleration  terms  become  im|Hirtant  in  tl.e 
tipjier  circulation,  or  liecaiise  of  bathymetric  clTrcts. 
The  up|»er  circulation  is  the  uimpie  feature  of  fjords 
which  separates  tlieni  dynamically  from  oilier  rstu 
arine  systems. 

The  salt-halaner  ciiuation  represents  a  balance  lic- 
tween  horizontal  advection  and  vertical  ami  horizon¬ 
tal  diffusion  over  the  sills '  a  balance  l>et ween  horizon 


tal  advection  and  vertical  diffusion  and  possible  time 
changes  in  the  deep  circulation ;  and  between  horizon¬ 
tal  and  vertical  advection  and  vertical  diffusion  in  the 
near-surfacc  circulation. 

Example*  have  been  given  to  illustrate  the  dynamic 
balance  which  exists  for  a  wide  range  of  fjord  con¬ 
ditions. 

An  appr  iximatc  similarity  solution,  given  for  the 
circulation  in  the  upper  layers  of  a  fjord,  gives  a  good 
representation  of  all  ihe  important  features  of  this 
circulation.  Refinement  of  the  theory  is  hampered 
largely  by  incomplete  knowledge  of  the  appropriate 
vertical  dependence  for  the  eddy  coefficients  of  dif¬ 
fusion  and  viscosity. 

Author’s  Note:  Contribution  No.  325  from  the  Depart¬ 
ment  of  Oceanography,  University  of  Washington.  This 
research  was  supported  in  jart  by  the  National  Science 
Foundation  under  Grants  G  19788  and  GP  1101  and  m 
part  by  the  Office  of  Naval  Research  under  Contract 
Nonr  477(10),  Project  NR  083  012  and  Contract  Nonr 
477(37),  Project  RR  004-03-01. 
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It  may  seem  restrictive  to  deal  only  with  Nor¬ 
wegian  fjords  in  this  paper,  but  they  are  very  similar 
to  those  in  other  parts  of  the  world,  for  instance, 
those  of  British  Columbia,  which  have  been  very 
thoroughly  investigated  by  Canadian  oceanographers 
(Pickard,  1961).  The  reason  for  this  similarity  is 
that  they  have  a  common  origin  as  glacially  cut  struc¬ 
tures,  and  that  they  are  all  situated  in  high  latitudes 
and  subjected  to  similar  climatic  influences. 

I  shall  not  try  to  formulate  a  new  definition  of  a 
fjord,  but  will  rely  on  the  one  given  by  Pritchard 
(1952):  "A  fjord  is  an  elongated  indenture  of  the 
coast  line  containing  a  relatively  deep  basin  with  a 
shallower  sill  at  the  mouth.” 

If  you  look  at  a  map  of  Norway,  you  will  find  many 
bodies  of  water  which  are  called  "fjords”.  Most  of 
them  fit  Pritchard’s  definition,  but  some  of  them  are 
bays  or  sounds.  The  site  of  the  fjords  is  highly  vari¬ 
able,  from  small  ones  with  a  length  of  a  few  kilo¬ 
meters  up  to  the  176  kins  of  the  Sognefjord.  The 
map  ( Fig.  I )  shows  the  Norwegian  fjords  which  are 
concentrated  on  the  western  and  northern  coast.  Most 
of  the  large  fjords  are  found  there,  with  exception  of 
the  Oslo  Fjord,  a  rather  atypical  one  which  will  not 
be  discussed  in  this  paper.  A  group  of  large  fjords 
in  the  northeastrmmost  part  of  the  country  have  no 
sdls  and  therefore  do  not  fall  within  Pritchard's 
definition  of  a  fjord. 

HYDROGRAPHIC  CONDITIONS 

The  sill  depth  is  a  factor  of  great  importance  to 
the  hydrographic  conditions  in  a  fjord,  particularly  in 
res(>ect  to  the  conditions  in  the  deeper  layers.  The 
sill  and  the  sill  depth  are  not  always  easy  to  define. 
In  many  cases,  researchers  will  be  most  interested  in 
the  deejiest  connection  between  the  fiord  and  the 
ocean  outside,  and  define  the  sill  accordingly.  For  the 
fjords  of  western  Norway,  the  sill  depth  then  might 
he  determined  bv  the  coastal  tanks  outside  the  sker¬ 
ries.  ami  this  could  apply  to  many  of  the  largest 
fjords.  From  a  nwirphological  point  of  view,  however, 
such  .  definttnm  may  serrn  rather  artificial.  In  other 
appl nations,  the  most  appropriate  definition  might  be 
the  "rear  sill,  or  the  one  which  constitutes  the  natural 
termination  of  the  fjord  basin.  Toe  sill  depths  of 
Norwegian  fjords,  by  either  definition,  vary  from  a 
few  meters  to  100-200  m.  with  corresponding  differ¬ 
ences  m  the  hydrographic  conditions  tn  the  deeper 
Sayers  of  the  fjords.  Tlie  depths  of  the  fjord  basins 
may  be  very  great  TV  largest  of  the  Norwegian 
fjords,  the  Sognefjord.  is  also  the  deepest:  it  has  a 
maximum  depth  of  nearly  IJ00  m.  Hardangerfjoed 
it  900  m  deep,  but  most  other  fjords  do  not  exceed 
600  m.  The  side*  of  the  fjords  are  often  my  steep, 


but  the  deeper  basins  are  usually  filled  with  sediments 
and  may  lie  fiat  and  smooth. 

If  we  consider  the  hydrographic  conditions  in  the 
fjords,  we  may  first  make  the  broad  statement  that 
they  represent  a  balance  between  two  main  water 
types :  the  water  from  outside  (coastal  and  ocean 
water),  and  the  fresh  water  supplied  from  land. 
Meteorological  factors  act  as  a  modifying  influence. 
Schematically,  the  fjord  waters  may  be  divided  into 
an  upper  and  a  lower  layer.  In  tlie  upper  layer,  salin¬ 
ity  and  density  are  relatively  low,  but,  like  the  tem¬ 
perature,  they  are  highly  variable  with  the  season. 
In  the  lower  layer,  the  seasonal  variations  are  small. 
The  distance  between  the  two  layers  is  variable  in 
depth  and  sharpness.  The  layering  is  most  pronounced 
during  the  summer  when  the  supply  of  fresh  water  is 
greatest  and  heating  is  strongest.  Furthermore,  the 
layering  pattern  varies  under  different  climatic  condi¬ 
tions.  This  description  is  valid  for  the  fjords  in  cen¬ 
tral  western  Norway  (59-63*N).  In  this  region,  the 
convection  in  winter  reaches  a  maximum  depth  of 


Fig.  I.  Distribution  of  fjords  along  the  Norwegma  Coast 
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20-30  m.  Under  the  mere  severe  climatic  conditions  about  35  %c .  In  the  February  section  the  stratifica- 
in  the  northern  part  of  the  country,  the  stratification  tion  is  not  so  pronounced ;  there  still  is  an  ample 
may  be  completely  broken  up  in  winter,  with  convec-  stability,  but  the  salinity  has  not  changed  noticeably 
tion  reaching  from  top  to  bottom.  Several  examples  in  the  deeper  layers.  In  the  Sognefjord,  the  salinity 

of  this  have  been  found  in  the  fjord  system  in  T romsff,  is  close  to  35  %0  in  the  deep  water,  whereas  in  the 

about  70*N  (Saelen,  1950).  third  of  the  large  western  fjords,  the  Nordfjord,  it 

In  the  fjords  of  central  western  Norway  the  layer  is  between  34.8  and  34.9  %c.  This  small  difference 

of  brackish  upper  water  ia  thin.  Below  20  m  the  between  the  deep  water  salinities  of  the  three  fjords 

salinity  ia  above  30  %c  all  year.  Figures  2  and  3  show  is  because  the  Nordtjord’s  effective  sill  is  on  the 
the  longitudinal  salinity  sections  of  the  Hardanger-  coastal  banks,  about  100  m  outside,  whereas  the  sills 
fjord  in  August  and  February,  1956.  The  August  are  150  m  outside  Hardangerfjord  and  Sognefjord. 
section  shows  the  strong  stratification  in  summer  and  Generally,  the  salinity  of  the  deep  fjord  water  is 
the  thinness  of  the  upper  layer  in  comparison  with  closely  related  to  the  depth  of  the  sill.  As  the  salinity 
the  large  deep  water  masses  which  have  a  salinity  of  of  the  surface  layers  of  the  coastal  waters  is  more 


Fig.  2.  Distribution  of  salinity  in  a  longitudinal  section  of  the  Hardangerfjord,  August,  1956. 


Fig.  3.  Distribution  of  salinity  in  a  longitudinal  section  of  the  Hardangerfjonl,  February,  1956. 


HYDROGRAPHY  OF  NORWEGIAN  FJORDS 


65 


than  33  %e  in  winter,  however,  it  is  possible  for  water 
to  penetrate  into  the  basins  of  fjords  with  shallow 
sills  of  just  a  few  meters.  Thus  the  Lysefjord  near 
Stavanper  has  a  sill  of  13  m  and  a  salinity  of  33.8  %, 
at  175  ni  deep. 

FJORD  CIRCULATION 

There  are  two  main  I'caltnca  of  fjord  circulation, 
and  they  should  be  considered  separately :  first,  the 
currents  connected  with  the  freshwater  supply ;  and 
second,  movements  in  the  deeper  parts  of  the  fjord. 

Effect  of  Fresh  Water  on  Circulation 

The  freshwater  supply  and  its  immediate  conse¬ 
quences  are  illustrated  by  the  findings  of  station  H4, 
in  the  inner  Hardangerfjord,  about  30  km  from  the 
head  of  the  fjord  (Fig.  1).  Figure  4  shows  the  dis¬ 
charge  from  the  biggest  four  rivers,  and  the  surface 
salinity  at  the  station  is  shown  by  the  broken  line. 
The  inverse  relationship  between  the  surface  salinity 
and  the  freshwater  supply  is  obvious.  The  freshwater 
supply  is  very  small  during  the  winter,  and  the  sur¬ 
face  salinity  is  high,  above  33  %e.  When  the  snow 
melts,  large  amounts  of  fresh  water  are  discharged 
into  the  fjord  and  the  surface  salinity  decreases  to 
9  %c.  Obviously,  the  circulation  system  conditioned 
by  the  freshwater  supply  develops  primarily  during 
the  summer  season.  In  winter,  the  fjord  may  be  re¬ 
garded  as  just  another  rather  uninteresting  bay. 
Figure  5  shows  a  period  with  a  sufficient  supply  of 
fresh  water  and  the  conventional  scheme  of  circula¬ 
tion.  Through  a  cross  section  of  the  fjord  an  amount 
of  water  7.,  with  salinity  A.  and  temperature  da  is 
carried  out  of  the  fjord  as  a  surface  current.  Belov 
this  current  an  amount  of  water  T0  with  salinity  St 
and  temperature  0t,  is  flowing  in  while  the  freshwater 
supply  during  the  period  is  denoted  by  R  and  its  tem¬ 
perature  by  8r.  Allowing  for  an  increase  M  of  the 


Fig.  4.  Discharge  of  Eio,  Kmso,  Op*,  and  Tytso  Rivers 
into  the  innermost  areas  of  Hardangerfjord,  and  surface 
salinity  at  station  H4 


salt  content,  we  obtain,  by  considering  the  balance  of 
water  and  salt : 

Tt=  {[5. /(£«  -5-J]  [R+  (1000MIS,)]) 

and  ( 1 ) 

T„  =  [[S,i(Si-Su)}  [R+  (1000M/S,)]}. 

Before  the  snow  starts  to  melt  in  the  spring,  the 
salinity  in  the  fjord  will  be  high  even  in  the  surface 
layer.  As  the  snow  begins  to  melt,  the  upper  layers 
will  gradually  be  strongly  diluted  with  fresh  water. 
There  will  be  a  strong  turbulent  mixing  both  ver¬ 
tically  and  laterally,  and  the  amount  of  salt  contained 
in  the  fjord  will  decrease;  that  is,  M  will  be  negative. 

In  such  cases,  the  outflow  T.  may  not  be  much  higher 
than  the  freshwater  supply  R,  so  that  we  find  a  weak 
circulation  with  a  small  value  of  the  inflow  Tt.  In 
the  Hardangerfjord,  between  April  26  and  June  7, 
1956,  it  was  found  that  the  inflow  Tt  could,  at  most, 
have  been  one-half  of  the  freshwater  supply  during 
the  same  period.  When  the  first  rush  of  the  snow 
melting  is  over,  and  a  substantial  surface  layer  of 
brackish  water  has  been  formed  along  the  whole  fjord, 
conditions  gradually  approach  a  stationary  state,  so 
that  we  can  put  M  =  0  in  equation  (1).  We  may 
then  use  Knudsen’s  equations : 

Ti  =  {[ SJ(St  -  5.)]  /?> 

and  (2) 

r.  =  uw.  -  SJ]  R) . 

For  the  fjords  in  western  Norway,  the  stationary’  state 
will  be  approximately  realized  during  the  period  of 
June-August  when  the  salt  content  of  the  fjord,  with 
a  large  freshwater  supply,  will  stay  reasonably  con¬ 
stant.  In  fact,  in  some  cases  one  may  find  a  slight 
increase  in  the  mean  salinity  of  the  upper  30  m  from 
one  month  to  the  next  during  this  period.  In  equation 
(2),  we  always  have  S,  >  S*,  so  that  the  amount  of 
outflowing  water  will  be  greater  than  the  freshwater** 
supply.  The  magnitude  of  the  factor  Stl(St  —  Sa)  is 
difficult  to  determine  without  knowledge  of  the  cur¬ 
rent  profile.  The  outgoing  current  is  prohably  con¬ 
centrated  to  the  uppermost  few  meters,  so  that  an 
appropriate  value  of  S,  can  be  found  rather  easily. 

It  is  more  difficult  to  estimate  the  depth  of  the  ingoing 


Fig.  5.  Upper  fjord  circulation,  schematically. 


66 


ESTUARIES  :  PHYSICAL  FACTORS 


flow,  even  if  there  is  evidence  that  it  will  be  a  rela¬ 
tively  shallow  flow  rather  close  below  the  outgoing 
flow.  The  corresponding  salinity  St  can  thus  be  deter¬ 
mined  only  within  rather  wide  limits.  For  the  larger 
Norwegian  fjords,  the  factor  St!(St  —  S',)  will  prob¬ 
ably  vary  within  an  interval  from  2  to  6,  when  the 
section  is  taken  at  the  mouth  of  the  fjord.  That  is, 
the  surface  outflow  of  low-salinity  water  will  be  be¬ 
tween  2  and  6  times  as  large  as  the  freshwater  supply. 
These  considerations  apply  to  the  fjord  as  a  whole. 
T 'he  following  qjafitatirf  sketch  ran  he  given  for  the 
circulation  within  the  fjord,  assuming  the  conditions 
are  stationary  and  that  there  is  an  ample  supply  of 
fresh  water. 

The  surface  salinity  will  increase  steadily  from  head 
to  mouth,  as  will  the  amount  of  outflowing  surface 
water.  The  low-salinity  surface  layer  is  thin,  with  a 
sharp  vertical  salinity  gradient,  so  that  we  find  more 
than  90%  of  the  salinity  of  the  bottom  water  at  20-30 
m.  At  some  depth  below  the  outflowing  surface 
water,  more  saline  water  is  flowing  wward  in  an 
amount  which  compensates  for  the  difference  between 
outflow  and  freshwater  supply.  In  order  to  preserve 
continuity,  the  inflowing  water  must  have  an  upward 
velocity  component,  so  that  along  the  fjord  a  total 
amount  of  water  correspond'*^  *:>  the  inflow  is  added 
to  the  outflowing  upper  water.  In  each  cross  section 
of  the  fjord,  the  horizor.vd  convergence  of  the  in¬ 
flowing  water  equals  the  uvrizontai  divergence  of  the 
outflowing  water,  with  the  vertical  transport  as  the 
“connecting  link’*.  A  rough  estimate  of  the  vertical 
velocity,  taken  as  a  mean  for  a  certain  period  and  for 
the  whole  area  of  the  fjord,  can  be  made  from  the 
equation: 

UJ.F  =  r,  =  ([.V.  (  S',  -  S,)l  R),  (3> 

where  I  is  the  length  of  the  period,  tv  is  the  mean 
vertical  velocity,  and  F  is  the  area  of  the  fjord.  For 
a  numerical  example,  we  have  used  the  Hardangrr- 
fjord  during  a  sumn»cT  month  Then  F  =  7 15  X 
I0*m',  K  =  3  X  l<*m>,  1  =  2  6  X  10*  sec.,  so  that 
5?  =  16  X  10  *  (.S',  (3"4  —  ,V,»J  cm  ax  •.  With 
the  factor  .V,  I S,  —  5,)  between  I  and  5.  «"•  will  be 
between  2  X  10  *  and  8  x  I0~‘  (err.  sec”*),  cor¬ 
responding  to  a  daily  verticai  ascent  of  the  order  of 
half  a  meter. 

Perhaps  more  mforr.atHin  could  be  obtained  by  re¬ 
lating  the  balance  of  heal  to  the  halance  of  salt 
content.  The  increase  of  fjord  temperature  in  sum- 
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Fig.  6  Mew*  amtecatare  6-100  wet— «  station  HS  in 
central  HarJwtgerfjord.  I  OSS-1954 


mer  is  limited  to  a  thin  upper  layer  of  warm  surface 
water  which  is  carried  out  of  the  fjord  by  the  surface 
current,  while  the  lower  compensation  current  carries 
colder  water.  In  spite  of  the  heat  supply  from  sun  and 
atmosphere,  there  will  be  little  or  no  increase  in  the 
heat  content  of  the  fjord  as  a  whole.  This  is  illus¬ 
trated  in  Figure  6.  which  is  based  on  data  taken  from 
a  station  in  the  center  of  Hardangrrfjord.  During 
the  period  of  June-August.  1956.  the  variation  of  the 
mean  temperature  in  the  upper  100  m  was  so  small 
that  we  might  use  the  equation  for  a  stationary  heat 
budget .  7  =  1 48,  +  R6r  t  Quq.  in  this  equation 

q  is  density  and  r  specific  heat,  and  the  net  result  of 
radiation,  evaporation,  and  heat  transfer  processes  is 
denoted  by  Q  (integrated  over  the  entire  surface  of 
the  fjord).  When  we  eliminate  Tt  and  7*,  by  means 
of  Knudsen’s  equations,  we  obtain  a  linear  relation¬ 
ship  bet'  een  S,  and  0t: 

9i  -  9,  =  [1/S.  (•.  -  0r 

-  QIcqR)  (5,  -  5,)J.  (4) 

If  we  can  assign  known  values  to  all  of  the  parameters 
in  this  equation  except  St  ana  4,.  then  we  can  in  a 
0-S  diagram  draw  a  straight  line  on  which  the  point 
must  lie.  This  point  must  also  be  on  the  0-S 
curve  for  the  section  which  has  been  used  as  the 
outer  limit  of  the  fjord.  If  this  curve  has  been  ob¬ 
served,  the  values  of  t,  and  St  may  be  found,  in  prin¬ 
ciple.  by  the  intersection  of  the  two  curves  (Fig.  7). 
and  thus  we  might  arrive  at  the  approximate  mean 
depth  of  the  inflow.  However,  there  are  so  many 
sources  of  error  in  this  method  that  its  practical  use 
will  probably  be  limited.  The  parameters  in  equation 
(4)  are  not  precisely  known:  this  applies  to  0,  and 
even  more  so  to  Q.  Moreover,  the  0-S  curve  for  the 
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Fig.  8.  Temperature  isopletht  for  station  HS  in  central  Hardangerfjord.  I9S5  >  956. 


limiting  section  should  be  taken  as  a  mean  for  the 
period,  whereas  we  usually  Sure  only  a  few  hydro- 
graphic  stations  operating  during  that  tune. 

From  the  test  period  of  August  to  September,  the 
mean  temperature  of  the  upper  100  m  increases  by 
-”C.  (Fig.  6).  The  sharp  thermocline  in  the  upper 
layer  is  broken  down,  snd  the  warm  water  apparently 
has  penetrated  downward,  as  shown  in  the  thenno- 
isopleth  diagram  for  a  station  in  central  Hardanger- 
ijord  <  Fig.  8).  Evidently  the  heat  supply  from  sun 
and  atmosphere  cannot,  even  with  the  most  optimistic 
estimates,  account  for  more  than  1 j  of  the  increase 
of  the  heat  content  in  the  fjord.  This  phers-immon  is 
not  peculiar  to  the  Hardangerfjord  or  to  this  specific 
testing  year ;  it  has  been  found  to  occur  in  other 
fjords  and  in  other  years.  It  seems  difficult  to  escape 
the  conclusion  that  the  advertise  heal  supply  to  the 
ijoril  must  ha\e  heeti  reversed:  there  must  he  an 
inflow  of  water  at  a  subsurface  level  and  a  correspond¬ 
ing  outflow  of  cofiier  water  at  a  still  ileeper  level.  The 
idea  of  such  an  inflow  somewhere  between  10  m  and 
100  m  war.  strongly  corroborated  by  a  radical  change 


in  the  stock  of  phytoplankton  that  took  place  between 
August  and  'September — »  change  that  could  only  be 
explained  by  such  an  inflow.  There  are  indications 
that  the  corresponding  outflow  has  taken  place  at  sill 
deptl'  I  cannot  yet  offer  any  full  explanation  of  this 
phenomenon,  but  it  is  probably  connected  with  some 
general  mechanism  and  it  not  just  a  local  incident. 

Dref  Water  and  Circulation 

The  second  nain  feature  in  fjord  circulation  is 
the  movements  in  the  deeper  layers.  They  are  closely 
connected  with  the  depth  of  the  sill,  or  with  the 
possibilities  of  communication  with  the  >iastal  and 
oceanic  water  masses  Even  in  fjords  with  shallow 
sills,  the  deep  waters  have  a  salinity  of  more  than 
L’  mi  that  there  must  at  some  time  have  been  an 
inflow  of  ileep  water.  In  such  fjords,  however,  it  may 
hr  long  between  inflows,  but  the  salt  water  may,  un¬ 
der  favorable  circumstances,  remain  for  a  long  time 
in  the  deep  basins.  This  will  sometimes  result  in 
stagnant  conditions  with  an  absence  of  ovvjren  and  a 
development  of  hydrogen  sulfide  (11,51.  Relatively 
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few  Norwegian  fjords  are  oi  this  type,  and  if  we 
consider  only  fjords  with  a  reasonable  sill  depth, 
such  as  the  three  large  fjords  of  western  Norway, 
it  becomes  obvious  that  their  deeper  lay  ers  are  amply 
ventilated.  The  oxygen  content  is  high,  5-6  nd/l  or 
even  more,  corre*|»onding  to  a  percentage  saturation 
of  80-90.  This  indicates  frequent  communication  with 
outside  water  by  inflow  over  the  sill.  The  lre»|uenc> 
and  regularity  of  such  inflows  differ  from  one  fjord 
to  another.  As  an  example  we  shall  first  use  the 
Xordfjord,  from  which  observations  arc  available  for 
a  long  series  of  years.  This  fjord  is  about  90  km  long, 
and  is  divided  into  two  basins  by  a  secondary  sill 
125  m  deep.  Figure  9  gives  an  isopleth  diagram 
for  salinity  during  a  period  of  eight  years  at  a  sta¬ 
tion  in  the  outer  basin.  Obviously,  saline  water  has 
flowed  into  the  deejier  layers  of  the  outer  basin  every 
summer  except  in  1940.  The  variation  of  density  at 
300  m  at  the  same  station  (Fig.  10)  confirms  this 
impression.  There  must  be  a  regular  annual  mecha¬ 
nism  :  at  some  time  during  the  summer,  the  water  at 
sill  depth  outside  the  sill  is  heavier  than  that  inside 
at  the  j.ime  depth,  and  it  will  therefore  flow  over  the 
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sill  and  mix  with  the  deep  Itasin  water,  or  fill  the 
deeper  part  of  the  basin.  As  in  most  other  fjords  on 
this  coast,  the  inflowing  water  is  the  "Atlantic"  type, 
with  salinity  close  to  35  %».  Under  special  circum¬ 
stances.  other  water  tyjies  may  be  flowing  in,  as 
shown  in  1940  when  the  inflow  ing  water  had  a  salinity 
of  only  3-1.5  %,  and  a  very  low  tcni|ierature  of  5.5‘C. 
The  inner  lusin  of  the  N'ordfjord  forms  an  interest¬ 
ing  contrast  to  the  outer  basin.  In  the  inner  basin, 
the  tlee|>er  layers  are  obviously  undisturlied  for  longer 
|>eriods.  as  can  lie  seen  from  the  salinity  isopleths 
for  a  station  inside  the  secondary  sill  (Fig.  11).  In 
the  shaded  area  of  that  figure,  the  salinity  is  between 
34.7  and  31.8%,.  The  variation  of  oxygen  content  at 
400  m  at  the  same  station  gives  a  striking  illustration 
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of  the  conditions  (Fig.  12).  From  1032  to  l‘>40  the 
oxygen  |H*rccntage  decreaserl  steadily  to  a  minimum 
of  43  jiercmi,  but  in  17!"  it  suddenly  increased  tr  9° 
|ierccnt  and  was  accompanied  by  a  temperature  de¬ 
crease  of  l*(‘.  After  1040  the  oxygen  jiercentage 
steadily  decreaseil  with  only  small  changes  in  tempera¬ 
ture  iiiil  salinity  until  i'M7,  when  it  again  rose  sud- 
denly  to 'HI  |iercent — and  this  time  it  was  accompanieil 
by  marked  increases  in  .eni|>ei.iture  and  salinity.  In 
the  following  years,  the  oxygen  content  again  steadily 
decreaseil.  Kvidentl,. ,  the  inflows  that  have  occurred 
every  year  in  the  outer  basin  have  not  been  strong 
enough  to  carry  any  appreciable  quantity  of  water 
across  the  secondary  sill.  A  change  to  high  oxygen 
content  takes  place  only  in  years  with  an  exceptionally 


Fig,  13.  !>istributh«i  <a  temperature  in  a  longitudinal  section  M  the  Hardangerljord,  -sprit  25.  |t5& 
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Fig  14  DntrihRui  of  Rwpmtart  m  •  longitudinal  net™  of  ihr  Marilangrtiyced.  June  k  IVt 
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strong  inflow.  Figures  13  and  14  show  temperature 
sections  from  Hardangerfjord,  which  are  excellent 
examples  of  inflow  to  the  deeper  fjord  water.  In  the 
section  for  April  1956,  the  temperature  of  the  bottom 
water  was  above  6.6*C.f  at  the  central  stations  6.8*C., 
and  these  conditions  remained  for  half  a  year.  In  the 
June  section  we  get  an  excellent  impression  of  the  flow 
of  colder  water  from  outside  along  the  bottom.  We  arc 
not  yet  able  to  show  whether  such  inflows  are  an¬ 
nually  recurrent  in  Hardangerfjord,  but  in  the  Sogne- 
fjord  the  deep  inflows  do  not  seem  to  be  so.  The 
deep  circulation  in  the  fjords  is  probably  independent 
of  the  upper-layer  circulation.  It  is  possible  that  deep 
circulation  may  influence  the  upper  layer  by  taking 
the  place  of  the  compensatory  flew  in  that  system. 
We  still  know  very  little  about  the  nature  of  the  deep 


inflows.  Do  they  come  as  sudden  gushes  or  as  a 
smooth,  gentle  flew  ?  In  the  near  future,  we  shall  try 
to  place  a  recording  current  meter,  some  meters  above 
the  bolt  m,  on  the  sill  of  the  Hardangerfjord.  If  this 
experiment  is  successful,  we  may  obtain  more  infor¬ 
mation  on  this  interesting  phenomenon. 
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Of  all  the  characteristics  wnich  typify  estuaries, 
perhaps  the  most  distinctive  is  salinity  variation.  The 
complete  range  of  salinities  from  fresh  water  to  sea 
water  is  always  found,  and  only  found,  where  fresh¬ 
water  runoff  meets  the  sea.  Here  within  a  few  miles, 
sometimes  a  few  hundred  yards,  occasionally  within 
a  few  feet  vertically,  the  water  changes  its  character 
from  one  natural  extreme  to  the  other.  Superimpose 
upon  this  the  ebb  and  flow  of  the  tides  and  one  has 
more  salinity  variations  in  a  small  area  than  deep-sea 
oceanographers  encounter  in  a  whole  ocean. 

Because  salinity  values  are  so  local  and  transient 
in  estuaries,  there  is  rarely  mucii  to  be  gained  in  de¬ 
termining  them  with  maximum  precision.  Chesapeake 
Bay,  for  example,  is  one  of  the  larger  estuaries.  Pre¬ 
sumably  the  salinity  variations  found  there  will  be 
more  gradual  and  more  systematic,  and  hence  more 
suitable  for  precise  measurements,  than  in  most  smaller 
systems.  And  yet  from  the  data  of  Pritchard  (1952) 
one  can  readily  estimate  that  the  typical  summer  salin¬ 
ity  gradients  in  the  middle  bay  are  such  that  a  preci¬ 
sion  of  ±  0.003  %c,  which  is  now  standard  in  deep-sea 
oceanography,  would  be  wasted  unless  the  position  of 
the  station  were  specified  to  within  40  feet,  the  time 
specified  to  within  90  seconds,  and  the  depth  specified 
to  a  quarter  of  an  inch!  (This  latter  specification,  in 
particular,  points  up  the  amount  of  useless  noise  and 
random  fluctuation  which  is  invited  by  unnecessarily 
high  sensitivity.) 

Perhaps  even  ±  1  %e  would  be  wasted  precision  to 
a  biologist  slogging  about  in  mud  and  Spartina  along 
the  edge  of  a  tidal  flat  where  the  salinity  of  adjacent 
puddles  can  sometimes  vary  by  several  parts  per 
thousand. 

In  most  cases  salinity  measurements  in  estuaries 
call  for  greater  convenience  of  measurement,  not 
greater  precision.  It  is  not  more  decimal  places  which 
are  needed,  but  simply  more  measurements  in  more 
places  at  more  different  times. 

PURPOSES  OF  SALINITY  MEASUREMENTS 

Salinity  measurements  in  estuaries  can  be  used  for 
four  main  purposes,  to  each  of  which  a  different  level 
of  precision  is  appropriate : 

First,  there  are  studies  of  transport,  flushing,  and 
mixing  such  as  the  Chesapeake  Bay  studies  just  men¬ 
tioned.  This  volume  includes  contributions  from  Han¬ 


sen,  Pritchard,  Saelen,  and  Rattray  dealing  with  spe¬ 
cific  studies  of  this  kind,  as  well  as  a  general  review 
by  Bowden.  Quantitative  work  of  this  nature,  based 
on  detailed  salinity  profiles,  requires  salinity  data 
good  to  ±  0.2  %o,  or  even  to  ±  0.01  %. 

Second,  salinity  can  be  used  in  a  more  qualitative 
manner  as  a  tracer  to  label  different  water  masses  in 
an  estuary  according  to  the  amounts  of  sea  water  they 
contain.  Following  isohalines,  one  can  tract  out 
boundaries  due  to  eddies,  to  stratified  flow,  and  to 
“streakiness”  of  flow.  Such  a  qualitative  study  of  the 
dynamics  of  an  estuary  and  of  the  changes  in  behavior 
during  a  tidal  cycle  should  always  precede  any  de¬ 
tailed  quantitative  measurements.  Stations  for  re¬ 
peated  samplings  or  continuous  observations  should 
not  be  selected  without  some  assurance  that  the  loca¬ 
tion  is  reasonably  representative  of  the  condition  one 
wishes  to  observe.  For  a  qualitative  survey  of  this 
sort,  the  important  requirement  is  not  precision,  but 
a  continuous,  readily  interpretable  reading.  A  con¬ 
tinuous  in  situ  recording  made  from  a  small  boat 
moving  around  an  estuary  is  very  enlightening  if  the 
record  is  interpreted  on  the  spot  and  the  boat  is 
maneuvered  accordingly. 

Third,  salinity,  or  the  lack  of  it,  is  an  ecological 
factor  to  the  biologists.  Salinity  limits  the  distribu¬ 
tion  of  various  species,  and  some  of  them  are  eco¬ 
nomically  important.  Of  course,  no  species  which 
customarily  makes  its  home  in  an  estuary  can  afford 
to  be  too  fussy  about  the  exact  limits  of  salinity  which 
it  will  tolerate.  Seasonal  variations  in  freshwater  run¬ 
off,  variations  in  tidal  height  with  lunar  cycle  and 
with  storms  and  winds,  random  local  fluctuations  in 
currents  are  all  going  to  subject  an  estuarine  species, 
even  a  motile  one,  to  an  uncertain  range  of  salinities. 
As  Gunter  (1961)  pointed  out,  however,  there  is  still 
plenty  of  reason  to  measure  and  report  numerical 
values  of  salinity  instead  of  falling  back  on  ambiguous 
descriptions  of  estuarine  waters  as  “fresh”,  “bity1 
ish”,  or  “salt”.  In  genera',  salinities  measured  to  a 
relative  precision  of  5  percent  should  be  quite  adequate 
for  ecological  purposes.  This  would  come  to  ±  1  %e 
when  the  total  salinity  is  about  20  %r.  and  ±  0.1  %e 
when  the  salinity  is  only  2  %c,  etc.  Very  shallow 
waters  and  waters  along  the  shores  of  estuaries  pre¬ 
sent  s|>ecial  salinity  problems  which  are  interesting  to 
biologists.  The  salinity  of  water  amid  a  clump  of 
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weeds  may  easily  be  several  parts  per  thousand  dif¬ 
ferent  from  the  salinity  in  a  channel  a  few  yards 
away.  The  salinity  in  the  mud  a  few  millimeters  be¬ 
low  the  bottom  can  be  almost  constant  while  the 
salinity  of  the  overlying  water  varies  back  and  forth 
through  a  tidal  range  of  perhaps  10  %c.  Groundwater 
seepage  along  ths  shore  can  affect  local  salinities.  The 
biologist  who  wants  to  observe  this  kind  of  salinity 
variation  needs  a  simple,  rugged,  easily  portable  sali- 
nometer.  Again,  precision  is  not  called  for. 

Fourth,  salinity  concerns  water  users  on  the  streams 
flowing  into  an  estuary.  Occasional  salinity  intrusions 
are  a  major  factor  in  the  quality  of  the  water  supply 
available  to  these  people.  For  their  purposes  a  reli¬ 
able  continuous  monitor  is  required,  such  as  the  in¬ 
strument  described  bv  T earner  (1962).  A  method 
which  can  detect  smail  amounts  of  sea  water  in  other¬ 
wise  fresh  water  is  particularly  desirable.  The  prob¬ 
lems  of  water  quality  control  on  tidal  rivers,  against 
the  more  general  background  of  salinity  variations  in 
estuaries,  have  been  thoroughly  reviewed  by  Keighton 
in  his  report  for  the  U.  S.  Geological  Survey  in 
1954. 

CONDUCTIVITY  MEASUREMENTS 

Despite  this  variety  of  purposes  of  salinity  measure¬ 
ments  and  the  markedly  different  levels  of  sensitivity 
required,  almost  all  of  these  measurements  can  be 
well  performed — in  many  cases  best  performed -by 
determinations  of  the  electrical  conductivity  of  the 
water.  Sea  salt  is  an  electrolyte  mixture  which  is 
completely  dissociated  in  water  into  its  component 
ions.  Each  ion  carries  an  electric  charge  and  is  free 
to  move.  Every  ion  contributes  to  the  electrical  con¬ 
ductance  of  a  seawater  solution.  The  more  sea  salt, 
the  greater  the  conductivity,  almost  (though  not 
quite)  in  direct  proportion. 

There  is,  in  principle,  only  one  minor  drawback  to 
conductivity  as  a  measure  of  salinity :  The  conduc¬ 
tivity  of  salt  water  also  depends  on  the  temperature, 
and  salinity  and  temperature  frequently  change  to¬ 
gether.  The  conductivity  of  water  increases  with  tem¬ 
perature  because  the  ions  move  faster  as  the  water 
warms  up,  about  2Vi  percent  faster  j>er  degree  centi¬ 
grade.  Thus  a  temperature  rise  of  l'C.  has  the  same 
effect  on  the  conductivity  of  ordinary  coastal  sea 
water  as  adding  0.7  %r  to  the  salinity.  Since  the  ab¬ 
solute  error  is  proportional  to  the  total  salinity,  this 
tenqierature  error  is  less  in  brackish  water,  amount¬ 
ing  to  only  0.1  when  the  total  salinity  is  about 
4.0%,. 

A  rough  temperature  correction  is  easy  to  make. 
In  cases  requiring  greater  accuracy,  standard  tables 
based  on  the  data  of  Thomas  cl  al.  (1954)  can  be 
used.  The  corrected  conductivity  value  is  a  direct 
measure  of  the  total  electrolyte  content  of  the  water. 
Marine  scientists  have  been  very  slow  in  accepting 
conductivity  measurements  because  these  have  had  a 
reputation  for  inconvenience  and  unreliability  in  field 
use. 

Many  of  the  practical  difficulties  encountered  in 


conductivity  measurements  were  discussed  by  Carritt 
(1952).  The  principal  source  of  trouble  has  usually 
been  the  problem  of  connecting  a  seawater  element 
into  an  electrical  circuit. 

All  metallic  electrical  circuits  are  really  electron 
circuits — the  electric  current  is  carried  solely  by  elec¬ 
trons  which  pass  freely  from  one  metal  to  another. 
In  sea  water  the  current  is  carried  by  ions.  If  a  cur¬ 
rent  is  to  pass  into  water  from  an  electrode,  there 
must  occur  at  that  electrode  one  or  more  electro¬ 
chemical  reactions  in  which  ions  are  converted  to 
neutral  atoms  and  molecules,  or  vice  versa.  If  this 
conversion  process  gets  jammed  up  in  any  way — a 
condition  generically  referred  to  as  “polarization" — the 
apparent  resistance  of  the  cell  is  increased.  One  can 
minimize  such  effects  by  using  platinum  electrodes 
coated  with  finely  divided  platinum  known  as  “plati¬ 
num  black”,  but  this  coating  wears  off  with  time  or 
gets  poisoned.  Moreover,  all  surfaces  exposed  to  sea 
water  tend  to  get  fouled  with  a  film  of  slime  which 
can  drastically  affect  electrode  performance.  Reliable 
salinity  measurements  can  be  assured  only  by  care¬ 
fully  tending  the  electrode  surfaces,  or  by  making 
repeated  calibrations. 

Various  conductivity  devices  using  electrodes  have 
been  developed  and  used  successfully  for  extended 
periods  in  spite  of  these  electrode  difficulties.  Pioneers 
among  these  devices  include  the  conductivity  salinom- 
eter  built  for  the  International  Ice  Patrol  by  Wenner 
ct  al.  (1930),  the  in  situ  salinity-temperature-depth 
recorder  (STD)  of  Jacobson  (1948),  and  the  Woods 
Hole  salinometer  designed  by  Schleicher  and  Brad¬ 
shaw  (1956).  These  are  all  precision  instruments 
designed  especially  for  use  with  sea  water.  Many  re¬ 
searchers  have  also  made  use  of  the  various  commer¬ 
cially  available  general-purpose  conductivity  devices, 
including  some  which  are  portable  and  designed  for 
field  use. 

It  is  possible  to  reduce  the  electrode  difficulties  by 
using  a  four-terminal  conductance  cell  in  which  there 
are  two  “active”  or  current-carrying  electrodes  and 
two  "passive”  or  voltage-sensing  electrodes.  Such  an 
arrangement  is  commonly  used  in  resistance  measure¬ 
ments  when  lead  resistance  is  a  problem,  and  may  be 
used  with  any  of  the  circuits  devised  for  four-ter¬ 
minal  resistors  (Harris.  1952).  With  this  arrange¬ 
ment  moderate  polarization  at  the  active  electrodes 
has  only  a  negligible  effect  on  the  signal  dcvelojied 
between  the  passive  electrodes. 

KLKCTRODFLESS  INSTRUMENTS 

A  big  breakthrough  in  conductance  measurements 
of  salinity  was  made  when  Ksterson  and  Pritchard 
(1956)  develop*.  '  a  satisfactory  instrument  without 
electrodes.  They  introduced  the  principle  of  inductive 
coupling  to  bring  a  seawater  element  into  an  electric 
circuit  in  the  form  of  a  single  seawater  loop  thread¬ 
ing  a  pair  of  toroidal  iron-cored  transformers,  as 
shown  in  Figure  1. 

In  this  system  the  sea  water  becomes  an  integral 
part  of  the  electrical  AC  system.  Indeed,  without  the 
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Fig.  !.  Illustrating  tlie  principle  of  inductive  coupling. 
The  seawater  loop  threading  the  two  toroids  provides  the 
only  electrical  connection  between  the  two  circuits.  The 
output  signal  :s  directly  proportional  to  tlie  conductance  of 
the  water.  (Reproduced  by  permission  of  Jerome  Williams.) 

seawater  loop  there  would  be  no  coupling  to  speak 
of  between  the  two  coils,  and  no  output  signal.  Yet 
the  ions  move  freely  back  and  forth  along  the  loop 
as  the  current  alternates,  so  that  no  electrochemical 
reactions  are  required.  A  similar  inductive  arrange¬ 
ment  for  laboratory  measurement  of  conductivity  was 
devised  independently  by  Gupta  and  Hills  (1956)  at 
about  the  same  time. 

Because  of  its  practical  value  this  principle  of  in¬ 
ductive  coupling  has  been  widely  adopted  in  recent 
years.  It  is  the  basis  of  a  number  of  in  situ  instru¬ 
ments  now  being  developed,  and  is  also  employed  in 
the  precision  sahnometer  designed  by  Brown  and 
Hamon  ( 1961 )  which  is  commercially  available  from 
a  number  of  sources. 

At  the  Chesapeake  Bay  Institute  (CBI)  where  the 
induction  method  for  salinity  measurement  was  pi¬ 
oneered,  the  method  has  been  used  in  two  diflfeient 
instruments  especially  designed  for  estuarine  work : 

The  Induction  Conductivity  Temperature 
Indicator  fICT!  > 

This  instrument  has  heeti  described  in  detail  by 
Schiemer  and  1‘ritchard  ( 1961 ).  It  provides  a  direct 
automatic  digital  readout  of  both  in  situ  conductivity 
and  i«  situ  temjierature.  The  temperature  readings  ere 
made  with  a  thermistor  bead  and  a  servo-balanced 
bridge.  With  projier  calibration  these  readings  are 
considered  to  he  good  to  ±  O.tU’C.  The  conductivity 
readings  can  lie  accurate  to  ±  002  millimhos  cm  if  a 
calibration  curve  is  used.  From  these  data  a  salinity 
value  can  lie  computed  to  an  accuracy  of  ±  0.03 
Phis  accuracy  is  surely  sufficient  for  all  estuarine  re¬ 
search  and  is  probably  more  than  can  be  used  on 
smaller  estuaries. 
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The  instrument  has  been  used  routinely  at  CBI  for 
standard  hydrographic  measurements  for  a  number  of 
years.  Because  of  its  size,  weight,  and  requirement  of 
60  cycle,  115  volt  power  source,  this  system  is  suited 
only  to  use  aboard  ship  or  at  permanent  installations. 

The  ICTI  can  be  read  continuously  and  could  pre¬ 
sumably  be  modified  to  permit  a  continuous  chart 
record. 

Tiie  CBI  Portable  Sai.inometer 

This  little  instrument,  shown  in  Figure  2,  was  de¬ 
veloped  by  Williams  (1961)  for  general-purpose  es¬ 
tuarine  work  and  is  well  suited  for  almost  all  the 
kinds  of  estuarine  salinity  measurements  considered 
earlier.  It  is  a  portable,  battery-powered,  miniaturized 
version  of  the  ICTI  which  incorporates  the  added  fea¬ 
ture  of  direct  digital  readout  of  salinity.  This  ex¬ 
tremely  useful  addition  is  achieved  by  an  analogue 
computer  circuit  which  sacrifices  some  of  the  input 
accuracy,  but  still  yields  salinity  values  good  to  0.3  %o 
at  worst. 

Readings  of  the  Williams  instrument  are  obtained 
by  adjusting  it  to  a  null  value  and  then  taking  the 
numbers  from  a  readout  built  into  the  adjusting  knob. 
To  obtain  a  correct  salinity  readout  it  is  necessary 
first  to  locate  the  conductivity  null ;  but  even  so,  the 
whole  procedure  is  simpler  than  taking  a  pH  reading 
with  a  conventional  pH  meter. 

The  instrument  can  be  used  anywhere  the  water  is 
deep  enough  to  cover  the  sensing  head.  For  measure¬ 
ments  near  the  bottom  or  near  shore  some  care  must 
be  taken  not  to  bury  the  sensor  in  the  mud  or  other¬ 
wise  obstruct  the  current  loop  through  the  toroid 
This  need  for  clearance  is  not  very  stringent,  however, 
since  six  inches  clearance  on  all  sides  is  more  than 
enough. 


Kif.  2.  The  small  i><>rubJr  salinometer  developed  by 
Williams  at  the  CUsaivake  Bay  Institute.  This  instru¬ 
ment  employs  inductive  coupling  ami  was  especially  de¬ 
signed  for  estuarine  work.  The  object  on  the  right  is  the 
sensing  head  retaining  the  two  toroids  and  a  pair  of 
thermistors.  ( Reproduced  by  permission  of  Jerome 
Williams.) 
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A  slightly  modified  version  of  this  instrument  is 
manufactured  commercially,  as  is  a  similar  but  non¬ 
portable  ill  situ  instrument  of  about  the  same  accuracy 
which  can  be  set  to  read  out  conductivity,  temperature, 
or  depth. 

PRECISION  CONDUCTIVITY 
INSTRUMENTS 

Several  precision  conductivity  salinometers  have 
been  developed  during  the  past  decade,  and  they  have 
been  so  successful  that  their  use  is  now  the  standard 
method  of  oceanographic  salinity  determination  at  the 
major  oceanographic  laboratories.  These  machines 
are  not  generally  recommended  for  estuarine  work  be¬ 
cause  they  are  usually  expensive,  and  their  typical 
accuracy  of  about  ±  0.003  %c  is  far  beyond  what  is 
needed  for  most  estuarine  purposes.  Moreover,  some 
of  the  machines  are  designed  to  cover  only  the  nar¬ 
row  range  of  salinities  encountered  in  the  deep  sea, 
and  are  not  capable  of  measuring  salinities  of  brackish 
waters.  Nonetheless,  if  one  happens  to  have  one  of 
the  precision  instruments  available,  it  makes  an  ex¬ 
cellent  and  convenient  standard  for  checking  calibrat¬ 
ing  solutions. 

Of  the  various  precision  instruments,  the  one  de¬ 
signed  by  Brown  and  Hamon  ( 1961 )  is  the  most  prac 
tical  for  estuarine  laboratories,  since  it  is  portable,  less 
expensive,  and  covers  the  entire  salinity  range  from 
0  to  40  %c 

All  of  the  precision  instruments  currently  in  use 
are  briefly  described  and  compared  in  a  recent  article 
by  Cox  ( 1963),  and  an  earlier  review  of  this  field  was 
made  by  Paquette  (1959).  A  more  general  discussion 
of  various  precise  methods  of  determining  salinity  and 
chlorinity  may  be  found  in  a  recent  article  by  Carritt 
(1963). 

In  a  slightly  different  category  are  the  various  in¬ 
struments  now  being  developed  for  deep-sea  in  situ 
measurements  of  temperature,  salinity,  and  depth. 
Here  again  the  precision  required  for  oceanographic 
work  is  likely  to  be  expensive  and  unnecessary  for 
estuarine  work.  These  instruments  are  usually  too 
elaborate,  or  too  limited,  for  estuarine  work.  This 
field  was  recently  reviewed  bv  Siedler  ( 1963 ). 

CHLORINITY  TITRATIONS 

Until  the  precision  conductivity  methods  were  de¬ 
veloped,  the  most  accurate  salinities  were  inferred 
from  chlorinity  determinations.  In  the  standard  Mohr 
method  (or  "Knudsen  method"  as  the  seagoing  ver¬ 
sion  is  known)  the  total  chloride  in  a  water  sample 
is  determined  by  titrating  with  silver  ion,  using  potas¬ 
sium  chromate  indicator.  Fluorescein  indicator  and 
indicator  electrodes  have  also  been  used.  The  preci¬ 
sion  of  the  method  is  usiully  about  0.01  %<  in  sea 
water,  improving  with  dilution.  In  moderately  soft 
fresh  waters  chlorinity  can  be  determined  to  half  a 
part  per  million.  This  method  is  suitable  only  for 
laboratory  determinations  on  a  finite  numher  of  dis¬ 
crete  water  samples.  It  can  be  adapted  (or  field  use, 
but  not  for  continuous  or  in  situ  measurement. 


The  Mohr  titration  is  still  the  standard  measure¬ 
ment  in  many  smaller  laboratories,  and  it  will  surely 
continue  to  have  a  place  in  estuarine  research.  It 
does  not  require  expensive  equipment  or  facilities, 
and  it  can  be  used  on  any  kind  of  water  sample  taken 
from  any  location.  On  the  other  hand,  it  lacks  the 
immediacy  and  flexibility  of  the  in  situ  methods,  and 
its  precision  can  be  exceeded  by  the  instrumental 
methods. 

Regardless  of  advances  in  instrumentation,  chlorin¬ 
ity  titrations  will  always  be  useful  for  primary  salinity 
calibrations  of  field  instruments  and  also  as  especially 
sensitive  indicators  of  minute  seawater  admixtures  in 
nearly  tresh  waters. 

SPECIFIC  GRAVITY  METHODS 

Salinity  measurements  have  been  made  by  means  of 
density  or  specific  gravity  determinations  to  various 
levels  of  precision.  Hydrometers  are  available  at  all 
laboratory  supply  houses  graduated  in  .001  specific 
gravity  units.  In  seawater  mixtures  this  would 
amount  to  about  1.4  salinity  units  per  division,  quite 
adequate  to  distinguish  fresh  water  from  brackish, 
and  brackish  from  full  sea  water.  Several  firms  ad¬ 
vertise  precision  devices  graduated  in  .0005,  or  even 
.0002  specific  gravity  units.  With  these,  one  could 
presumably  estimate  salinity  to  within  ±  0.3  %c,  but 
only  with  careful  precautions  to  eliminate  surface  ten¬ 
sion  errors. 

The  density  of  water  changes  with  temperature,  as 
well  as  salinity,  so  that  hydrometer  readings  must  be 
accompanied  by  simultaneous  temperature  readings 
which  are  accurate  to  a  degree  or  better.  (Some  hy¬ 
drometers  have  built-in  thermometers  for  this  pur¬ 
pose.)  Because  of  the  marked  non-linearity  of  den¬ 
sity  with  temperature,  a  set  of  density  tables  or, 
better  still,  a  temperature-density-salinity  grid  chart 
is  needed  to  determine  a  numerical  salinity  value. 
Care  must  be  taken  to  minimize  surface  tension  er¬ 
rors,  and,  if  it  is  truly  salinity  rather  than  density 
which  is  warned,  time  must  be  allowed  for  the  settling 
out  of  the  sediment  load. 

The  great  advantage  of  hydrometers  is  that  they 
are  very  inexpensive  (some  can  be  bought  for  as  little 
as  three  dollars),  extremely  portable,  and  can  be  used 
anywhere.  For  careful  measurements  they  should  be 
used  in  a  water  sample  in  a  transparent  cylinder,  al¬ 
though  rough  and  ready  in  situ  measurements  are  pos¬ 
sible  if  the  water  is  calm  and  dear,  and  the  operator 
can  get  his  face  close  enough  to  take  a  reading. 

Density  measurements  with  pycnometers  and  with 
density  balances  can  be  made  as  precise  as  the  labora¬ 
tory  weighings  on  which  they  ilepcnd,  provided  that 
the  corresponding  temperature  control  is  achieved. 
Neither  of  these  methods  would  seem  practical  for 
estuarine  measurements. 

REFRACTIVE  INDEX 

'Ihc  refractive  index  has  been  used  occasionally  for 
salinity  determinations,  and  it  may  eventually  supplant 
conductivity  as  the  ultimate  precision  measurement  of 


SALINITY  MEASUttlltNTS 


75 


!«*),=  l»Vc,  (<=*],=  [»'!,=  c, 


Fig.  3.  Illustrating  the  generation  of  a  membrane  po¬ 
tential.  The  membrane  in  this  case  is  taken  to  be  a  cation 
membrane  passing  only  positively  charged  C*  ions.  The 
higher  concentration  of  salt  on  the  right  causes  a  ieakage 
of  positive  ions  to  the  left  through  the  membrane.  The 
left-hand  solution  becomes  positively  charged  with  respect 
to  the  one  on  the  right. 

salinity.  For  one  thing,  the  inherently  greater  pre¬ 
cision  of  optical  interference  methods  may  be  realized 
now  that  lasers  are  available  to  provide  light  which 
is  more  coherent  and  more  monochromatic  than  was 
previously  available  from  any  practical  light  source. 
For  another,  the  refractive  index  is  more  closely  re¬ 
lated  to  the  density  than  is  any  other  measure  of 
salinity,  so  that  it  will  be  least  biased  by  the  small 
variations  in  the  composition  of  sea  water  which  ren¬ 
der  the  conductivity  density  correlation  and  the  chlo- 
rinity/density  correlation  imperfect. 

However,  none  of  this  potential  precision  is  apt  to 
have  any  value  to  estuarine  research  for  the  foresee¬ 
able  future,  unless — taking  the  broadest  definition  of 
an  estuary — someone  desires  to  trace  the  water  from 
some  particular  river  dear  across  the  continental 
shelf.  Meanwhile,  a  salinity  measurement  with  a  hy¬ 
drometer  can  be  just  as  easy  and  just  as  accurate  as 
one  made  with  a  standard  laboratory  refractometer 
costing  one  hundred  times  as  much.  (There  is  now 
on  the  market  an  optical  “total  solids  meter"  designed 
for  hlood  serum  analysis,  which  has  internal  tempera¬ 
ture  compensation,  is  portable,  and  is  relatively  inex- 
pensive  as  refractometers  go.  I  am  indebted  to  Dr. 
Karl  VV.  Behrens  for  {minting  out  the  possilde  useful¬ 
ness  of  this  instrument  as  an  estuarine  salinomrtcr. ) 

SELECTIVE  ELECTRODES 

One  method  of  salinity  measurement  which  is  es¬ 
pecially  well  suited  to  estuarine  work,  and  w  ith  which 
we  have  had  some  recent  success  at  Woods  Hole,  is 
the  use  of  electromotive  force  (KMF)  measurements 
with  selective  electrodes.  As  the  theory  of  these  meas¬ 
urements  is  not  widely  understood,  it  might  be  well  to 
preface  the  discussion  with  a  brief  explanation. 

If  two  electrolyte  solutions  of  similar  ionic  compo¬ 
sition  but  at  different  concentrations  are  separated  by 
a  membrane,  and  if  this  membrane  is  permeable  to 
only  one  of  the  various  ionic  species  present,  there 
will  be  a  tendency  for  the  ion  to  diffuse  through  the 
membrane  from  the  side  where  there  is  more  of  it  to 


the  side  where  there  is  less  of  it,  as  shown  in  Figure 
3.  But  this  process  tends,  in  turn,  to  produce  a  net 
separation  of  charge.  If  the  ion  that  moves  it,  for 
example,  positive,  the  solution  to  which  it  moves  gains 
a  net  positive  charge,  while  the  solution  from  which 
it  came  is  left  wit!:  a  net  negative  charge.  An  electro¬ 
static  potential  is  set  up  across  the  membrane,  and 
equilibrium  is  reached  when  the  tendency  of  the  ions 
to  move  one  way  because  of  the  concentration  gra¬ 
dient  is  balanced  by  their  tendency  to  move  the  other 
way  because  of  the  local  elect!  x  field.  In  this  condi¬ 
tion  the  electrical  potential  difference  across  the  mem¬ 
brane — the  voltage  drop— just  matches  the  difference 
in  chemical  potential  due  to  the  concentration  differ¬ 
ence.  This  condition  may  be  expressed  approximately 
as  M'  =  [(2.303RTIZF)  Logl0  (C,/C,)]  where 
AF  is  the  voltage  drop  across  the  membrane,  C'2/Cj 
is  the  concentration  ratio  across  the  membrane  of  the 
ion  in  question,  T  is  the  absolute  temperature,  Z  is  the 
charge  on  the  ion,  and  the  other  things  are  constants. 
At  25 *C.  the  factor  2.303RT/F  is  approximately  60 
millivolts  per  log,0  unit,  so  that  each  factor  of  10  in 
the  concentration  ratio  adds  60  millivolts  to  the  signal 
if  the  ion  is  monovalent. 

When  the  membrane  is  permeable  to  more  than  one 
species  of  ion,  the  resultant  voltage  .j  a  kind  of  average 
of  the  different  voltages  which  the  different  species 
would  produce.  In  this  average,  the  weighting  factor 
for  each  species  is  the  fraction  of  the  total  current 
passing  through  the  membrane  which  this  species 
would  carry  if  an  external  voltage  were  applied.  This 
fraction  is  known  as  the  “transference  number”  of  the 
ion. 

These  principles  still  apply  when  the  membrane  is 
permeable  to  all  ions,  or,  which  is  the  same  thing,  if 
there  is  no  membrane  at  all.  Consequently,  any  con¬ 
centration  boundary  tends  to  produce  a  junction  po¬ 
tential  unless  the  tendency  of  the  positive  ions  to  make 
the  more  dilute  solution  positive  is  exactly  matched  by 
the  trmlency  of  negative  inns  to  make  the  more  dilute 
solution  negative.  Concentrated  potassium  chloride 
solutions  have  just  this  property,  presumably  because 
the  K*'  and  Cl"  ions  are  identical  except  for  nuclear 
charge.  That  is  why  conceinr.ited  KC1  is  often  used 
for  “salt  bridges"  in  laboratory  KMF  measurements. 

The  measurement  of  pH  with  a  glass  electrode  is 
the  most  familiar  example  of  an  KMF  measurement 
involving  a  selective  electrode.  The  glass  acts  as  a 
membrane  permeable  only  to  H*  ions.  Many  other 
examples  are  likely  to  be  developed  in  the  near  future. 

A  thorough  discussion  of  the  subject  of  membrane 
electrodes  may  be  found  in  the  review  by  Hills  ( 1961 ). 

THK  SODIUM  KLF.CTRODE 

The  pH  glass  electrode  has  been  known  for  years 
to  be  subject  to  an  "alkaline  error"  in  strongly  basic 
solutions  due  to  the  slight  petmeabilitv  of  the  glass  to 
sodium,  potassium,  and  lithium  ions  By  varying  the 
glass  composition,  Kisenman  cl  al.  (1957)  found  that 
they  could  increase  this  effect  and  produce  a  glass 
electrode  that  was  especially  selective  for  sodium  km. 
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Fig.  4.  A  schematic  diagram  of  the  "salt-bridge  salinom- 
eter”  as  developed  by  Ballard  anti  used  at  Wotds  Hole. 
A  key  design  feature  is  the  thermal  anti  chemical  isolation 
of  the  metallic  electroties. 


This  development  was  followed  up  commercially  by  an 
instrument  manufacturer,  who  now  markets  a  sodium- 
selective  glass  electrode  which  can  be  used  inter¬ 
changeably  with  their  pH  electrmles  in  one  of  tlieir 
pH  meters. 

With  care,  and  using  a  reference  standard,  the 
sodium  electrode  can  give  salinity  ileterminations  good 
to  I  |iercent  relative  precision,  even  in  the  field.  To 
get  this  precision,  however,  one  has  to  nteasurr  In  .004 
pH  units,  or  to  ahtxil  (1.1  millivolts,  which  requires 
eillter  a  pll  meter  with  an  expanded  scale  or  an 
electrometer  with  a  full-scale  deflection  of  JO  millivolts 
or  less. 

The  sodium  electrode  is  not  uniquely  permeable  to 
sodium  ion.  It  is  very  permeable  to  hydrogen  ion 
and  to  silver  ion.  and  is  slightly  permeable  to  potas¬ 
sium  and  other  alkali  ions.  However,  none  of  these 
can  he  expected  to  cause  any  interference  under  nor¬ 
mal  estuarine  conditions. 


All  glass  electrodes  have  to  be  used  in  conjunction 
with  a  reference  electrode.  Because  the  thermal  co¬ 
efficients  of  the  two  electrodes  are  usually  different, 
one  may  generally  expect  a  small  change  in  the  total 
EMF  with  temperature  at  constant  salinity.  This  has 
to  be  calibrated  and  corrected  if  the  system  is  to  be 
used  in  the  field  or  in  situ. 

A  major  advantage  of  the  sodium  electrode  is  the 
small  size  of  sample  it  requires.  It  can  actually  meas¬ 
ure  the  salinity  of  anything  wet.  It  can  even  be 
shoved  into  mud  to  measure  the  salinity  of  interstitial 
waters,  as  was  done  by  Siever  et  al.  (1961).  (When 
this  is  done,  tl.e  reference  electrode  should  not  enter 
the  mud  if  it  has  a  liquid  junction.) 

The  properties  and  uses  of  the  sodium  electrode  and 
other  cation-selcctive  glass  electrodes  have  been  exten¬ 
sively  reviewed  by  F.isenrmn  (1962). 

ION-EXCHANGE  MEMBRANE  ELECTRODES 

In  recent  years  a  number  of  firms  have  developed 
ion-exchange  membranes  for  possible  use  in  electrical 
desalinization  of  sea  water.  These  ion-exchange  mem¬ 
branes  are  similar  in  their  chemical  properties  to  ordi¬ 
nary  ion-exchange  resins,  but  they  come  in  thin  sheets 
instead  of  granular  form.  Like  the  resins,  the  mem¬ 
branes  come  in  two  sorts:  cation  membranes  which 
are  essentially  permeable  only  to  positive  ions,  and 
anion  membranes  which  are  permeable  omy  to  nega¬ 
tive  ions. 

At  Woods  Hole  we  have  been  experimenting  with 
AMFion  C-10JC  cation  membranes  and  A-104B  anion 
membranes.  Both  are  manufactured  by  the  same  com¬ 
pany,  and  both  membranes  have  selectivities  of  about 
98  percent. 

Because  the  membranes  we  have  been  using  arc 
jiermeahle  to  divalent  ions  as  well  as  to  monovalent 
ions  the  concentration  EMF  generated  across  a  mem¬ 
brane  hv  seawater  solutions  is  less  than  the  60  milli¬ 
volts  j>er  log,,,  unit  which  one  gets  with  monovalent 
ions.  We  use  the  membrane  electrodes  in  pairs,  one 
cation  electrode  and  one  anion  electrode,  so  that  their 
signals  are  additive.  For  such  a  combination  the  con¬ 
centration  KMF  generated  by  sea  salt  amounts  to 
about  97  millivolts  per  log,,,  unit. 

A  schematic  diagram  of  our  measuring  system  is 
shown  in  Figure  4.  It  is  essentially  the  same  as  a 
conventional  pH  system  except  for  the  battery-oper¬ 
ated  recorder  and  tire  unusually  long  solution  path — 
sometimes  as  long  as  2U0  meters — isolating  the  metal¬ 
lic  circuit  electrodes  from  the  membranes.  This  iso¬ 
lation  is  more  an  accident  of  evolution  than  a  neces¬ 
sity  since  the  instrument  without  the  membranes,  and 
with  probes  widely  separated,  is  the  salt-bridge  ge¬ 
omagnetic  clrctrokinetograph  (GKK)  which  I  de¬ 
scribed  in  llfii.  However,  the  internal  zero  check  and 
tile  low  zero-drift  which  this  arrangement  made  |x»- 
sible  for  the  earlier  use  are  also  valuable  here  in 
measuring  the  membrane  potentials.  We  find  that 
much  of  the  drift  and  most  ol  the  Imiperature  sensi¬ 
tivity  normally  as*,  ia»-«i  with  membrane  elect  risk's 
is  eliminated  by  this  arrangement.  The  design  and 
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Fir.  S.  Salinity  measurements  made  in  the  Pocasset  River  Estuary  by  Howard  Sanders  and  the  lather  uswig  the 
"salt-bridge  saliiionKler".  The  salinity  ot  bottom  water  and  of  interstitial  water  in  the  bottom  sediment  is  compared 
over  one  or  more  tidal  eyries  by  means  o(  continuous  simultaneous  recordings  ol  the  m  silu  salinity. 


techniques  for  using  this  "salt-bridge  salmon K-ter" 
were  worked  out  by  Philip  Hal  lard  in  1*162. 

Howard  Sanders  and  I  took  this  apparatus  into  the 
Pocasset  River  Estuary  in  a  rowboat  and  made  a  num¬ 
ber  of  i|ualitativc  ami  quantitative  studies  of  the  salin¬ 
ity  for  cnnqtarisnn  with  species  distributions.  At  a 
number  of  stations  we  nude  continuous  simultaneous 
records  of  the  salinities  of  the  bottom  mud  and  the 
hottom  water  with  results  of  the  sort  shown  in  Figure 
5  We  also  anal)  zed  several  core  samples. 

We  think  that  our  U'ual  accuracy  is  a  hunt  the  same 


as  one  obtains  with  sodium  electrodes,  although  the 
instrument  is  capable  of  a  relative  precision  of  0.1 
percent  if  pushed  to  the  limit  and  if  extensive  pre¬ 
cautions  are  taken,  such  as  filling  the  two  membrane 
cells  with  water  of  approximately  the  same  salinity 
as  the  water  to  he  measured. 

•  SALINITY"  IN  DII.I  TK  WATERS 

The  drtimtmn  of  salinity  is  arbitrary- :  the  concept 
of  a  single  composition  variable  which  it  represents 
u  i wily  useful  a*  long  as  the  composition  of  the  salt 
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Fit  6.  The  various  passible  indices  at  salinity  diverge 
wildly  as  the  river  salt  content  approaches  or  exceeds  the 
sea  salt  content  For  the  purposes  of  this  comparison  the 
various  methods  are  represented  as  though  calibrated  w  ith 
mixtures  containing  only  sea  salt. 

mixture  remains  oaistant.  As  soon  as  sea  water  is 
substantially  diluted  with  river  water  containing  a 
salt  mixture  of  a  markedly  different  composition,  all 
the  various  salinity  indices  which  we  have  been  dis¬ 
cussing  diverge  wildly. 

This  is  illustrated  in  Figure  6.  which  shows  what 
would  happen  if  we  calibrated  all  the  various  meth¬ 
ods  of  measuring  salinity  over  the  entire  salinity 
range,  using  sea  water  diluted  with  various  amounts 
of  ion-free  distilled  water,  and  then  applied  these 
calibrations  to  sea  water  diluted  with  river  w  ater  con¬ 
taining  about  TOO  ppm  dissolved  solids.  The  curve 
for  density  in  Figure  6  assumes  an  arbitrary  sediment 
load  diminishing  as  the  salinity  increases.  TV  den¬ 
sity  without  sediment  would  give  a  curve  very  close 
to  the  curve  for  “total  dissolved  toii<!»“  and  so.  pre¬ 
sumably,  would  refractive  index.  The  discrepancy  be¬ 
tween  the  various  indices  when  applied  to  tV  river 
water,  amounting  almost  to  a  factor  of  10  between  tV 
dissolved -sol ids  estimate  and  Oie  chlormity  estimate, 
comes  about  primarily  because  the  dominant  role 
played  by  sodium  ion  and  chloride  ion  in  sea  water  is 
taken  over  by  bicarbonate  ion  and  calcium  ion  in  river 
wafer. 

Which  of  these  indices  is  properly  entitled  to  be 
called  the  true  salinity  *  A  pun  it  would  insist  ,«i  the 
total  dissolved  solids  as  laving  the  sanction  of  tradi¬ 
tion.  but  of  all  the  variables,  this  is  tV  hardest  to 
treasure,  ha*  the  least  phy steal  o»  chemical  sign'll  - 
r ancr.  and  is  least  s*ns»ti“e  to  tV  presence  of  small 
admixture*  of  sea  water.  One  can  make  a  Niter  cave 
for  abnoa*  any  one  of  the  others.  The  fact  of  tV 
matter  is  that  there  is  really  no  such  thing  as  salinity 


in  these  circumstance*,  because  salinity  has  only  ex 
perimental  meaning  so  long  as  all  the  salt  components 
vary  together.  When  they  begin  to  vary  independ¬ 
ently,  it  becomes  necessary  to  measure  them  inde¬ 
pendently  and  to  report  them  independently. 

In  the  hypothetical  experimental  situation  described 
here,  however,  there  is  a  single  composition  variable : 
the  fraction  of  sea  water  in  the  mixture.  This  is  a 
variable  of  practical  and  theoretical  interest  to  people 
studying  the  dynamics  of  estuaries.  It  is  evident  that 
chlorindy  gives  the  best  indication  of  the  actual  pro¬ 
portion  of  sea  water  in  the  mixture  over  the  widest 
range  of  compositions.  This,  and  the  directness  of  the 
experimental  definition  of  chlorinity,  makes  a  strong 
case  for  those  who  argue  that  we  should  use  chlorinity 
rather  than  salinity  as  our  basic  composition  index. 

.Inthor's  Note:  The  author  wishes  to  express  his  thanks 
to  Dr.  Gordon  Gunter,  to  Dr.  Wauer  Keighton.  Dr. 
Robert  IVjurttr,  and  to  our  chairman.  *lr.  Jerome 
Williams,  for  helpful  discussions  and  advice.  He  alv> 
wishes  to  thank  Mr.  Williams  for  his  kind  permission  to 
reproduce  Figures  1  and  2. 

The  author's  own  work  on  salinity  measurements  _  in 
estuaries  has  been  supported  at  Woods  Hole  by  the  Na¬ 
tional  Science  Foundation  *nd  at  Swarthmore  by  the 
l'.  S.  Public  Health  Service. 

This  work  is  designated  as  Contribution  No.  1SW  fnen 
tV  Woods  Hole  Oceanographic  Institution. 
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The  development  of  Sow  theory  has  been  motivated 
partly  by  cnrioaity  and  partly  by  medical  and  engi¬ 
neering  needs.  Flow  measurement  is  centuries  old. 
and  much  early  work  was  done  in  connection  with 
orifices,  tabes,  nozzles,  and  weirs  during  the  18th  and 
19th  centuries.  The  art  has  devekified  most  rapidly 
during  the  industrial  age  because  of  the  need  for  con¬ 
trolled  flow  in  manufacturing  processes,  the  require¬ 
ment  for  better  bulk  accounting  methods,  and  the 
realization  that  strict  control  of  flow  is  a  simple  ami 
convenient  method  for  control  of  other  variables,  such 
as  temperature  and  pressure.  A  good  summary  on 
industrial  flowmeters  appears  in  the  Met iraw- Hill 
Encyclopedia  (I960).  In  order  to  <  let  ermine  blood 
flow,  the  fiekl  of  medical  electronics  has  developed 
some  of  the  most  sophisticated  flow-measuring  <levicc>. 

Accurate  measurements  of  currents  in  estuaries  arc 
necessary  for  navigation,  for  planning  the  disposal  of 
industrial  and  domestic  wastes,  for  forecasts  of  flood¬ 
ing  and  silting,  for  the  design  of  piling  and  other  sub¬ 
structures.  to  plan  recreational  uses  of  the  water,  to 
protect  a; id  develop  fisheries,  and  to  conduct  other 
scientific  studies.  Currents  affect  navigation  hv  direct 
action  on  ships,  and  tf  ey  are  also  agents  of  bottom 
erosion  and  deposition,  processes  which  change  the 
orientation,  size,  and  shape  oi  navigable  channels. 
Knowletlgr  of  current  drag  forces  is  required  for  the 
design  and  installation  of  piling,  navigation  ami  moor¬ 
ing  buoys,  and  wharfs,  as  well  as  for  understanding 
the  forces  <m  the  floating  vessels  firing  used  in  such 
construction.  In  engineering  design,  as  in  navigation., 
tlie  swifter  currents  arc  more  critical  Strimgrsl  rut 
rents  occur  :n  U|>per  narrow  estuaries  which  becroic 
raging  rivers  when  the  iiavimum  runoff  is  augmented 
by  at?  ebbing  tnlr.  ami  in  long  inlet'  which  resonate 
to  the  tide  and  have  targe  tidal  ranges  amt  isn't  tula! 
currents  Examples  of  the  Utter  art  l  ook  Inlet. 
Alaska,  and  the  Hay  of  Funds'.  1  urrent  i|mh  of  six 
to  eight  knots  have  been  measured  in  I  nk  Inlet,  ami 
particle  imt»«  of  trie  isul  l«>rr.  a  vut  of  moving 
hydraulic  jump,  is  labrulatn!  to  reach  |0  to  JO  knots 
The  desirability  <•(  water  lor  rTCteation.  a  subject 
»h«h  is  receiv'wg  ever  increasing  attention,  depends 
mg  only  on  |hc  drgree  ol  concentration  >>f  wastes, 
hot  also  'Si  currents.  ve»y  swift  c  su  rents  stirring  up 
sediment  and  organic  substances,  cause  w.jSer  to  hr 
turbid .  sluggish  cut  is  nts  may  permit  it  to  stagnate  !•■ 
thr  point  whet*-  hvdrogrn  sulrWW-  h«env>  SWrlilir 
reshaping  «  ■uhet  neiMrurtion  mav  be  mvutrd  to 
klAr  swift  and  turbulent  currents  which  are  harard 
ou*  to  hathrrs 


NATURE  OF  CURRENTS 

Currents  in  estuaries  and  shallow  coastal  waters  can 
be  caused  by:  (1)  differences  in  the  distribution  of 
density,  (2)  directly  by  the  stress  that  the  wind  exerts 
on  the  water  surface,  (3)  tides.  (4)  stream  runofl. 
(5)  transport  .nduccd  by  wind-generated  surface 
waves,  ami  (6)  internal  waves.  Tidal  currents  ami 
stream  runoff  arc  the  strongest  observed  in  estuaries, 
whereas  the  most  feeble  are  the  steady  transports  due 
to  surface  and  internal  waves.  A  general  description 
of  each  type  is  given  in  the  following  paragraphs. 

Currents  related  to  variation  in  distribution  of  den 
sitv  are  caused  by  gradients  in  water  temperature, 
salinity,  ami  sediment  content.  Recause  of  the  differ¬ 
ences  in  density,  ihe  water  surface  slopes,  ami.  as  a 
rr  ult,  a  flow  occurs  in  the  direction  of  the  downslope 
pressure  gradient.  If  the  body  of  water  is  sufficiently 
large,  the  deflecting  force  of  the  earth's  rotation  may 
he  significant,  causing  the  flow  to  veer  to  the  right 
l  in  the  northern  hemisphere  ). 

Wind  blowing  over  the  water  exerts  a  stress  on  the 
suriace  which  causes  the  surface  and  the  upper  layer 
to  move  with  the  wind.  In  shallow -water  coastal 
areas,  the  surface  water  flow  l»s  been  l'i>um!  to  attain 
between  two  ami  five  percent  of  ibr  value  of  the  wind 
speed.  Several  hours  of  steady  winds  are  restored 
for  thr  water  at  50  to  Id)  feet  below  tin-  surface  to 
hegm  to  respond  to  the  wind 

filial  forces  due  to  the  sun  ami  the  nw»«n.  combined 
with  tofMgra|ducal  features,  give  n-<  to  three  types 
of  tidal  currents:  ia>  the  rotary  type,  exjirriem-esl  in 
shallow  waters  as  well  as  in  thr  «W-rp  unn.  (h)  Ills 
rectilinear  s>r  rrse>*ing  type.  found  in  elongate  levy* 
ami  e-stuarte*.  and  l cl  thr  so-called  hydraulic  type. 
»h«!‘  is  illustratnl  by  thr  c  irrrtils  in  straits  on 
iwcting  u  •wlrpriwlent  tidv!  bmhrs.  such  as  thr 
f  ape  t  ol  t'atul  in  Massachusetts.  AH  three  type*  are 
jwetndsc  ami  undergo  a  full  cyelr  <wt  thr  1‘  s  Atlantic 
and  liulf  coasts  in  24  H  twwirs:  ■«  lltc  l'  S  Hacifie 
ousts,  both  a  24  H  and  a  IJ  5  bstr  period  arc  pre-setil 
and  they  vary  with  time  and  their  relative  importance 
to  raeh  other 

R:vrr  and  stream  rum«ffs  oiten  aehwvr  a  'wift  flo-s 
which  may  protrude  for  great  distances  :n  hays  ami 
coastal  waters  because  ol  the  momentum  and  hydro 
Malic  head  If  the  inflowing  water  »•  heavily  laden 
with  sediment,  it  may  trmpisrariiy  ‘.end  to  umkriun 
brackish  waters  regardless  of  temjwraturc  and  aalm 
tty  ■'•''rtnxri  If  it  is  fairly  clean,  it  will  tend  l<- 
merrutv  brackish  estuary  waters  ami  will  always  osrr 
run  tcew  w  ater 
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A  fairly  steady  mass  transport  of  water  is  caused  by 
surface  waves,  but  this  is  very  small  except  in  and 
near  the  surf  rone.  Because  tlic  waves  break  on  shore, 
there  is  an  outward  transport  along  the  bottom  and 
an  inward  transport  at  the  surface.  It  is  well  known 
that  waves  breaking  at  an  angle  to  the  shore  produce 
a  longshore  current  flowing  parallel  to  the  beach 
within  and  just  outside  of  the  surf  zone.  On  open 
ocean  coasts  the  longshore  currents  achieve  one  to  two 
knots.  Kxcesses  of  water  piled  up  onshore  by  waves 
and  moved  parallel  to  shore  hy  longshore  currents 
turn  seaward  at  intervals  as  rip  currents,  thus  com¬ 
pleting  the  horizontal  cell-like  circulation  patterns. 
The  rip  feeder  current  and  especially  the  rip  current 
are  sw  ift,  reaching  three  to  four  knots. 

Some  transport  of  water  is  associated  with  the  par¬ 
ticle  velocity  of  internal  waves.  Internal  waves  occur 
in  coastal  waters  along  the  tbermochne  (level  of 
greatest  teni|ierature  change  with  depth).  They  occur 
in  estuarine  waters  along  horizontal  surfaces  of  den¬ 
sity  discontinuity  caused  by  fredi  and  or  clean  water 
overlying  sea  water  or  sediment -laden  water.  Internal 
wave  currents  have  not  been  measurer!  with  much 
success:  they  are  tlieoretically  small,  a  few  hundredths 
of  a  knot,  except  perhaps  where  the  internal  wave 
tirvnuies  unstable  in  traveling  from  deep  to  shallow 
w  ater  and  trails  to  break. 

METHODS 

Methods  used  for  measuring  flow  in  estuarie^  and 
shallow  coastal  waters  generally  involve  actually  sens¬ 
ing  the  current  directly.  They  contrast  wi'.h  a  method 
wiilely  employed  ior  the  deep  ocean  in  which  the  cur¬ 
rent  ) gcostrophic  flow)  is  calculated  from  measure¬ 
ments  <  t  ten  (wrrature  ami  salinity.  That  particular 
calculation  cannot  lie  uwd  in  slulbrn  coastal  waters 
or  estuaries  lies  use  an  essential  assumption — that  the 
water  is  ikrp  cmm*Ji  for  hotintn  waters  to  tie  motion¬ 
less — is  IV 4  met  t  oastal  ami  estuarine  currents  are 
measured  by  path  ( l^agrangtan  l  or  flow  i  t\ tiler  lan  1 
mell*«is  Discussions  of  vmr  of  the  trehnujues  uses  I 
in  hi4h  methods  are  given  by  Johnson  ami  Wirgr! 

.  IDs*) i  and  ton  Arx  (  plfij) 

Path  Mrruous 

In  path  abdications.  object*  or  substances  (Jared 
in  the  stream  are  carried  by  thr  stream,  their  path 
tine  li-stofe  gives  tx-h  flow  speed  atvl  directum 
Probably  the  best  known  path  method  is  ship-set. 
which  etti| Jot s  the  sh.p  itsell  at  a  tracer  ,  thr  differ¬ 
ence  of  its  actual  (aositvm  trims  that  predicted  bs  dead 
rcckotung  is  a  measure  «•!  thr  integrated  effects  of 
surface  c  rent.  wind,  and  waves  Amcber  cvamjJe 
•  s  thr  drift  hettle.  nr  drift  card  t  often  tvalla»led  to 
float  mostly  submerged  i.  which  is  released  ir-en  a 
known  p»itH«  at  a  reronlrd  time  and  is  later  re 
entered  iti  vUcr  Thrs  gives  the  cur  t  rm  t  ret  Of  for 
the  thin  sktn  uf  surface  water  in  which  the  nhirct 
floats,  hut  thr  magnitude  is  umirrestinutfd  hr  an 
a::wunt  which  depends  rm  the  delay  m  rcrmrrt  after 
leaching  shore  Sea  anrhft.  called  dn-gurs.  af  rr 


leased  at  known  points,  and  their  positions  are  de¬ 
termined  at  intervals  along  the  drift  paths;  drogues 
may  consist  of  a  metal  or  wooden  cross,  fish  net, 
aviator's  parachute,  or  other  device  having  a  large 
drag  at  the  level  of  measurement,  ami  they  are  con¬ 
nected  by  fine  wire  or  nylon  filament  to  a  small  sur¬ 
face  float  that  may  supfuirt  a  pole  with  a  flag,  a  radar 
reflector,  or  even  a  light  for  night  observation.  These 
are  "free  drifting"  drogues.  Another  type,  which 
may  he  called  a  "semi-captive"  drogue,  is  allowed  to 
drift  away  from  an  anchored  boat  by  paying  out  a 
measured  length  of  a  line.  The  length  of  the  line  ami 
drift  time  give  speed,  and  the  direction  of  the  drogue 
drift  gives  current  direction.  These  may  he  made  like 
other  small  drogues  or  they  may  he  current  (vies 
Current  [Miles  are  vertical  shafts  of  wood  or  metal 
tuhmg  suitably  ballasted  to  drift  with  only  a  small 
portion  «f  their  length  exposed  to  the  wind.  Never¬ 
theless,  all  of  the  drogue  measurements  require  some 
correction  for  direct  effect  of  the  surface  current  and 
wind  on  the  surface  float  ami  other  superstructure 

Neutrally  buoyant  floats  constructed  of  alloy  tubing 
to  form  a  chamber  which  is  less  compressible  than  sea 
water  will  hover  at  a  certain  level  in  the  sea.  accord¬ 
ing  to  the  amount  of  ballast  added ;  they  are  tracker) 
by  acoustic  ranging  techniques.  Usually  estuaries  are 
too  shallow  or  the  waters  too  well  mixed  to  permit 
use  of  this  oceanographic  tool. 

Patches  of  contaminants  consisting  of  dye  { such  as 
fluorescein.  Khodaminr.  ami  I'ontycil).  radioactive 
materials,  ami  chemical  wastes  having  sufficiently 
povteriui  responses  to  physical  or  chemical  tests  at 
extreme  dilution,  are  sometimes  released  ami  their 
movement  frJIowerl  by  a  program  of  sampling  or 
observing.  Naturally  occurring  tracers,  such  as  sus- 
|arrvle«|  matter,  dissolved  chemicals,  and  plankton,  may 
le  map|«esl  at  intervals  in  time  ami  a  gcw-ral  nlea  of 
current  deduced  from  tlie  change  in  pattern  of  iso- 
ci-ncenl ration  lines.  However,  such  non -conservative 
buJt  gtcal  ami  chemical  |iro|icnic>  may  change  from 
mm  (Jiysjeal  causes,  hence  llte  determination  of  the 
phv  steal  motion  of  the  water  by  using  thc-*c  properties 
is  difficult 

To  obtain  a  (vath-timr  h-»*or_  which  shows  both 
spew  I  ami  directum,  alt  of  thr  path  methods  require 
tlixi  thr  vtorl'i  (wisitom  and  the  time  v^micr  plot 
Ing  must  lie  tairly  accurately  known.  Positional  Hit 
trying  i'<  |<ath  methtsl*  may  be  divided  into  visual, 
wane,  and  rhcln-me  The  visual  mrtfvd  ts  most  Com 
moult  ueil  w  ith:n  si  ght  (I  f  land  and  cimststs  of  in- 
angulation  using  transits  nr  thcndrJrtes  frimt  tlort  nr 
a  sextant  abistrd  ship  These  method*  are  well  known 
Thr  rketnmtc  ami  vmK  mrllsdi  are  dimled  into 
two  gt.aip* — the  circular  methods  ami  the  hqerMK 
mrthials  The  circular  mrth»ls  are  thr  radio  wave 
r- put aW-nt  of  survey  trig  sitblB  a  thrsabJitr  ami  chain, 
in  that  thr  poilnm  it  lirtrntunrd  bv  measuring  do 
taneei  or  angles  (  ircclar  nirttwls  rnriudr  radar. 
*h**ran.  and  thr  sonic  method  which  utilizes  a  v»> 
hum  The  ht(«Tb»Jic  mrthids  <!rpet»l  up 41  the  fart 
that  thr  lines  of  omstant  phase  difference  of  radio 
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pulses  or  continuous  waves  of  two  different  trans¬ 
mitting  stations  are  hyperbolic.  The  intersection  of 
hyperbolic  lines  from  two  signal-emitting  stations  de¬ 
termines  the  boat  position.  Examples  of  hyperbolic 
methods  are  loran,  raydist,  lorac,  and  decca.  The  de¬ 
sired  accuracy  of  position  for  path  method  measure¬ 
ment  is  not  great  (compared  with  requirements  of 
other  surveying),  and  one  of  the  less  cosily  techniques 
can  be  used.  In  some  areas  advantage  can  be  taken 
of  an  existing  navigational  system  of  good  accuracy. 

Flow  Methods 

In  flow  methods  a  device,  restrained  a*  a  fixed  point 
in  intimate  contact  with  the  fluid,  generates  a  signal. 
Often  a  secondary  device  is  used  to  translati  the  sig¬ 
nal  into  a  motion  or  secondary  signal  for  indicating, 
recording,  or  computing  the  volume  of  the  flow.  Flow¬ 
meters  first  transform  the  speed  into  differential  pres¬ 
sure,  differential  temperature,  electromagnetic  induc¬ 
tion,  differential  sound  velocity,  transit  time,  rotation, 
momentum,  or  displacement,  and  then  measure  these 
effects.  Rotation  is  the  most  popular  technique;  some 
forty  instruments  used  in  streams  or  lakes  and  the 
ocean  have  used  this  principle. 

The  speed  of  water  flowing  past  an  instrument 
mounted  above  the  bottom  or  suspended  on  a  cable 
can  be  measured  from  (1)  the  number  of  rotations 
over  an  interval  of  time  of  a  suitable  freely  turning 
propeller,  wheel,  or  rotor,  (2)  the  torque  of  an  ar¬ 
rested  propeller  or  rotor,  (3)  the  ram  pressure  on  a 
plate,  membrane,  sphere,  or  Pitot  orifice,  (4)  the 
slope  of  a  wire  supporting  a  drag  or  the  force  on  the 
drag,  (5)  the  cooling  effect  of  flow  on  a  heated  ele¬ 
ment,  (6)  the  change  of  the  velocity  of  sound  be¬ 
tween  two  paints  a  known  distance  apart  or  sound 
Doppler  effect,  and  (7)  the  motional  e.rn.f.  of  the  flow 
through  a  known  natural  or  artificial  magnetic  field. 

In  flowmeters,  the  flow  direction  is  obtained  by 
vane  or  foil  alignment  or  by  transit  direction  of  a 
drifting  substance.  Usually  only  the  angle  in  a  hori¬ 
zontal  plane  is  measured.  Recording  and  telerecord- 
ing  have  been  performed  by  visual,  audible,  and  photo¬ 
graphic  methods,  hy  emulsion  fixation,  mechanical 
integration,  chart  recorder,  paper  punched  tape,  and 
magnetic  tape.  These  instruments  can  be  classified 
roughly  into  those  which  register  or  record  internally, 
and  those  which  transmit  the  speed  or  direction  of 
flow  to  a  remote  observer  or  recording  apparatus.  In¬ 
struments  in  either  category  may  be  designed  for 
untended  measurements  over  a  period  of  time. 

Since  many  flow  devices  have  been  used  and  are 
available,  the  next  section  will  list  some  \asic  types 
with  comments  on  the  characteristics  of  each. 

FLOW  DEVICES 

Differential  Pressure  Current  Meters 

These  devices  register  a  difference  in  pressure  be¬ 
tween  two  points  which  must  lie  measured  and  con¬ 
verted  by  equations  or  calibration  to  obtain  flow. 
Methods  of  measuring  differential  pressure  include  the 


simple,  popular  U-tubc  manometer  as  well  as  more 
refined  readouts  such  as  a  float-operated  mechanism 
or  a  weight-balanced  ring-type  meter  to  provide  con¬ 
trolling,  recording,  and  totalizing  functions.  Di¬ 
aphragm  and  bellows-type  differential  pressure  meas¬ 
uring  devices  were  developed  to  eliminate  manometer 
fluids  or  to  provide  faster  response  and  easier  instal¬ 
lation.  Examples  of  these  include  force  balance  and 
deflection.  Both  are  well  suited  to  either  pneumatic 
or  electrical  transmission  of  the  flow  signal.  Their 
output,  of  course,  is  proportional  to  the  square  of  the 
velocity.  The  primary  devices  for  the  differential 
pressure  measurements  include  an  orifice,  Venturi 
tuoe,  flow  nozzle,  Pitot  tube,  and  pipe  elbow.  The 
law  of  conservation  of  energy  requires  that  the  total 
energy  at  any  given  point  in  a  stream  be  equal  to  the 
total  energy  at  a  second  point  in  the  stream,  neglect¬ 
ing  losses  between  the  points.  While  it  is  possible 
to  convert  pressure  (potential  energy)  to  velocity 
(kinetic  energy)  and  vice  versa,  the  total  amount  of 
energy  does  not  change.  By  use  of  a  restriction  o, 
an  angle  in  a  pipe,  a  portion  of  the  potential  energy 
of  the  stream  is  temporarily  converted  to  kinetic 
energy  as  the  flow  speeds  up  to  pass  through  this 
primary  device.  Beyond  the  restriction  the  flow  par¬ 
ticles  slow  down  until  the  velocity  is  once  more  the 
same  as  that  in  the  conduit  upstream  of  the  restric¬ 
tion,  except  for  the  effect  of  turbulent  and  frictional 
losses  associated  with  the  acceleration  and  deceleration 
at  the  restriction.  The  magnitude  of  the  loss  depends 
upon  the  configuration  of  the  primary  device.  All  of 
these  primary  devices  must  be  rotated  or  oriented  into 
the  stream  by  a  vane  or  foil. 

Differential  Temperature  Current  Meters 

Current  meters  based  upon  the  principle  of  differen¬ 
tial  temperature  consist  of  an  electric  current  passing 
through  a  small  resistance  element  (wire,  film,  or 
bead)  causing  its  temperature  to  rise  above  the  am¬ 
bient  temperature.  Unless  the  resistance  element  is 
insulated  from  the  surrounding  fluid,  there  will  be  a 
flow  of  heat  from  the  hot  element  into  the  cooler 
fluid.  If  the  fluid  is  moving  relative  to  the  hot  ele¬ 
ment,  the  rate  of  beat  transfer  will  be  considerably 
greater  than  if  it  is  stationary.  The  rate  of  heat 
transfer  depends  on  the  difference  in  temperature  be¬ 
tween  the  element  and  surrounding  fluid,  the  charac¬ 
teristics  of  the  element,  the  free  stream  flow  velocity, 
and  the  characteristics  of  the  flow  (laminar,  transi¬ 
tional,  turbulent).  There  are  two  basic  types — the 
constant  electric  current  type  and  the  constant  tem¬ 
perature  type.  Such  a  tl^ice  must  be  calibrated 
against  a  primary  flow  standard.  A  reference  ele¬ 
ment  which  is  protected  from  the  flowing  stream  is 
usually  employed  and  the  difference  is  measured  be¬ 
tween  the  element  exposed  to  the  flow  and  the  pro¬ 
tected  one.  As  a  rule,  these  systems  require  elaborate 
electronic  circuits  in  order  to  insure  constancy  of  the 
electric  current  or  of  the  temperature.  The  systems 
have  generally  been  inadequate  for  long-term,  con¬ 
tinuous  measurements,  but  are  very  sensitive,  being 
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capable  of  measuring  quite  small  velocities  and  having 
the  good  response  required  for  measuring  turbulence. 

Electromagnetic  Induction  Current  Meters 

These  may  be  divided  into  two  types.  The  first 
relics  upon  the  e.m.f.  induced  by  water  currents  mov- 
irg  across  the  earth’s  magnetic  field.  The  second 
type  produces  its  own  magnetic  field  and  measures 
the  resulting  voltage  gradient.  Perhaps  the  major 
advantage  of  the  geomagnetic  type  is  that  with  proper 
calibration  it  can  be  used  to  measure  the  entire  trans¬ 
port  through  the  entrance  to  a  bay  or  through  an 
estuary.  It  cannot  be  used  in  the  vicinity  of  the 
earth’s  magnetic  equator.  For  the  geomagnetic  meas¬ 
urements,  the  electrodes  may  be  either  stationary  or 
towed.  Stationary  electrodes  are  ideal  for  measuring 
total  flow  through  a  cross  section  of  water,  but  be¬ 
cause  of  the  great  variation  in  conductivity  of  the 
bottom  and  its  effect  on  the  measurement,  they  must 
be  calibrated  in  place,  using  other  techniques  such  as 
current  meters  or  drogues  to  obtain  the  reference  flow 
values.  Towed  electrodes  have  the  advantage  of  per¬ 
mitting  measurements  in  any  part  of  the  estuary,  but 
because  of  the  influence  of  bottom  conductivity  in 
shallow  water,  they  are  not  recommended  for  use  in 
estuaries  unless  they  can  be  calibrated  against  other 
devices  in  all  locations  in  which  such  measurements 
are  to  be  taken. 

With  the  elcct-omagnetic  meter,  a  magnetic  field  is 
applied  to  a  localized  area  of  the  flowing  liquid.  By 
this  method,  it  is  possible  to  measure  the  voltage  that 
is  generated  between  two  electrodes  which  are  perpen¬ 
dicular  to  the  magnetic  flux  and  in  contact  with  the 
liquid.  Since  this  voltage  is  strictly  proportional  to 
the  velocity,  a  linear  flow  record  or  indication  results. 
Practical  flow  measurements  can  be  made  in  any  liquid 
that  is  at  all  conductive.  The  linear  scale  allows  ac¬ 
curate  flow  measurements  over  a  greater  range  than 
is  possible  in  the  differential  pressure  meters.  Since 
there  is  no  obstruction  by  the  device  to  fluid  flow,  the 
method  has  particular  advantages  for  measuring  flow 
in  pipes,  which  mat^e  it  possible  to  measure  thick 
slurries  and  gummy  liquids.  The  electrodes  have  been 
mounted  on  a  rod  which  protrudes  from  a  ship’s  hull 
and  is  used  for  the  ship's  speed  log.  For  estuarine 
and  oceanographic  use,  the  rod  is  mounted  above  the 
bottom  on  a  stationary  structure  and  measures  the 
flow  of  water  past  it.  The  rod  is  about  two  inches  in 
diameter  and  two  feet  long;  if  only  two  electrodes  are 
used,  the  rod  must  be  properly  oriented  to  measure 
the  flow.  However,  in  two  applications,  a  number  of 
pairs  of  electrodes  were  placed  on  a  cylindrical  rod 
and  the  output  obtained  was  used  to  determine  the 
flow  direction  as  well  as  the  speed  in  horizontal 
plane.  The  electromagnetic  meter  is  useful  for  meas¬ 
uring  turbulence  and  a  large  range  in  velocities,  but 
it  is  quite  ex|>ensive.  Both  a  geomagnetic-type  meas¬ 
urement  and  an  electromagnetic  device  used  by  Soviet 
oceanographers  were  described  by  Snezhinskii  (1954). 


Differential  Sound  Velocity  and 
Doppler  Current  Meters 

The  velocity  of  sound  in  a  fluid  is  different  up  and 
down  stream,  and  this  difference  is  indicative  of  the 
flow  rate.  In  its  simplest  form  this  type  of  current¬ 
measuring  device  consists  of  a  stationary  acoustic 
wave  transmitter,  a  stationary  receiver,  and  a  device 
to  measure  the  transmission  time.  The  practical  sys¬ 
tem  transmits  the  acoustic  wave  first  in  one  direction 
and  then  in  the  opposite  direction,  and  measures  the 
difference  between  the  transmission  times.  When  used 
on  moorings  or  suspended  from  a  vessel,  the  trans¬ 
mitter  and  receiver  are  mounted  in  a  fish  or  foil  which 
aligns  the  two  units  along  the  axis  of  flow.  Then  it 
is  necessary  to  measure  the  alignment  of  the  fish  by 
another  technique  to  determine  the  flow  direction. 
When  mounted  on  the  bottom  or  on  a  piling,  however, 
an  additional  receiver  and  transmitter  may  be  used  to 
measure  the  two  components  of  the  horizontal  flow  at 
right  angles  to  each  other.  The  output  from  this 
three-transducer  array  may  then  be  resolved  to  obtain 
the  total  velocity  vector  in  a  plane.  The  unit  may  be 
used  for  measuring  turbulence  that  is  relatively  large 
scale  compared  with  the  spacing  between  the  trans¬ 
mitters  and  receivers.  The  output  is  linear  with  flow 
velocity,  and  it  may  be  used  over  a  wide  range  of 
speed.  This  ultrasonic  current  meter  is  fairly  ex¬ 
pensive  compared  with  other  current  meters.  Elec¬ 
tronic  circuitry  required  to  correct  for  ambient  effects 
makes  this  type  of  flow  measurement  costly  for  mul¬ 
tiple  sensor  installations. 

Several  acoustic  current  meters  based  on  the  Dop¬ 
pler  shift  principle  have  been  designed  and  tested. 
One  of  the  more  recent  is  described  by  Koczy  el  al., 
1963.  The  instrument  consists  of  a  transmitting  and 
receiving  transducer  operating  on  a  five-megacycles 
per  second  acoustic  signal.  Measurement  is  made  of 
the  Doppler  shift  or  frequency  change  that  results 
when  a  transmitted  wave  is  reflected  from  a  moving 
object  (in  this  case  the  particulate  matter  in  the 
water).  The  Doppler  current  meter  provides  a  sensi¬ 
tive  and  accurate  sinusoidal  output  for  measurements 
of  a  unidirectional,  turbulence-free  current  contain¬ 
ing  particulate  matter  such  as  exists  in  a  properly 
designed  flow  tube. 

This  meter,  like  the  other  devices  described  thus 
far,  is  non-inertial  and  responds  to  rapidly  changing 
irregularities  or  turbulence  in  the  medium,  whereas 
most  of  the  mechanical  meters  read  the  average  or 
integrated  gross  water  movement  past  them  and 
smooth  out  these  irregularities. 

Transit  Time 

In  simplest  form,  these  instruments  consist  of  a 
source  probe  and  a  pickup  probe.  Radioactive  sub¬ 
stances,  dye,  or  other  chemicals  are  introduced  in 
spurts  into  the  stream  by  the  source  probe,  and  the 
amount  of  time  required  for  the  water  to  transport  the 
foreign  matter  downstream  to  the  pickup  probe  it 
accurately  measured.  The  tracer  may  be  introduced 
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Table  1.  Rotating  element  current  meters  (From  Johnson  and  Wiegel,  1959). 


Location 

Degree  of 

Denth 

Velocity 

of 

Continuity 

Limit 

Range 

Recorder 

in  Record 

(ft.) 

(knots) 

In 

Remote  Radio 

Contin- 

Meter 

Instru- 

Record-  Trans- 

Single 

Several 

uous 

Mini- 

Maxi- 

ment 

ing  mission 

Value 

Values 

Values 

num 

mum 

Propeller  Type  Meters 

Ekman 

X 

X 

None 

0.1 

1.5 

Ekman  Repeating 

X 

X 

None 

0.1 

1.5 

Ekman-Merz 

X 

X 

None 

0.04 

5.8 

Witting  Magnetic 
Rauschclbacn 

X 

X 

X 

X 

1500 

200 

? 

7 

? 

Idrac  Vertical 

X 

X 

7 

7 

7 

Sverdrup-Dahl  ( Bifilar ) 

X 

X 

150 

0.1 

0.9 

Sverdrup- Dahl  (Magnetic) 

X 

X 

Large 

0.1 

0.9 

Fjeldstad 

X 

X 

None 

7 

7 

Roberts  Radio 

X 

X 

300 

0.3 

7.0 

von  Arx-I 

X 

X 

None 

0.15 

6.0 

von  Arx-II 

X 

X 

1000 

0.15 

6.0 

Iwamiya 

X 

X 

650 

7 

? 

Nan'niti 

X 

X 

Large 

? 

7 

Ono 

X 

X 

160 

0.1 

6.0 

BBT-Neyrpic 

X 

X 

800 

9.0 

Dunkerque 

X 

X 

160 

0.1 

? 

Chusey 

X 

X 

320 

0.1 

7 

Ott-V 

X 

X 

150 

0.06 

ld.o 

Bohnecke 

X 

X 

None 

> 

7 

Komatsu 

X 

X 

Large 

5.0 

Pegrzm 

X 

X 

Large 

> 

Cup  and  Paddle 

Wheel  Type  Meters 

Price 

X 

X 

100 

0.07 

5.3 

Pettersson 

X 

X 

150 

? 

Pettersson  Bottom 

X 

X 

'J 

p 

Winters 

X 

X 

150 

> 

7 

Carruthers  Drift  Ind. 

X 

X 

None 

_ 

Carruthers  Vertical  Log 

X 

X 

10 

p 

? 

Idrac 

X 

X 

300 

> 

? 

Mosby 

X 

X 

None 

P 

7 

Hydrowerkstaten 

X 

X 

160 

7 

7 

Snodgrass 

X 

X 

? 

o.i 

4.0 

at  regularly  programmed  intervals  by  electric  pulses 
from  the  surface  or  by  a  lead  weight  messenger  slid¬ 
ing  down  a  wire  from  the  surface.  The  source  and 
pickup  probes  are  mounted  in  a  foil  which  aligns  the 
two  probes  with  the  flow  direction.  Direction  of  the 
orientation  of  the  foil  must  lie  measured  in  another 
manner  in  order  to  obtain  current  direction. 

When  it  is  possible  to  attach  the  device  to  a  bottom 
mount  or  to  a  piling,  then  a  number  of  pickup  prol>es 
may  be  arranged  in  a  circle  with  the  source  prolie  in 
the  center,  and  by  reading  the  output  from  all  of  the 
probes  it  is  possible  to  obtain  the  direction  as  well  as 
the  s|>eed.  Several  instruments  of  this  sort  have  been 
built  and  tested,  but  no  extensive  use  in  estuarine  or 
ocean  waters  i:  known  to  the  writer. 

The  U.  S.  Geological  Survey  is  developing  an  in¬ 
strument  foi  stream  gaging  which  will  give  surface 
velocity  only  and  will  measure  transit  time  by  utilizing 
optics  for  pickup  In  use,  the  instrument  would  be 
held  a  short  distance  aliove  the  water  and  aligned 
with  the  flow  direction.  A  control  is  adjusted  until 
two  images  (olitained  from  the  fore  and  aft  ends 


of  the  instrument)  of  the  suspended  material  pattern 
in  the  flowing  stream  are  brought  into  superposition : 
a  calibrated  direct-reading  meter  shows  the  velocity. 

Rotation  Current  Meters 

Of  the  large  number  of  current  meters  that  have 
lieen  developed  over  the  years,  those  using  propellers, 
cup  systems,  or  other  rotating  devices  have  been  the 
most  popular.  The  flowing  water  rotates  the  element, 
the  speed  of  rotation  is  determined,  and  the  velocity 
of  the  stream  is  derived.  The  meter  is  calibrated  by 
moving  it  through  still  water  in  a  towing  tank.  Out¬ 
side  of  industry,  development  of  rotation  current 
meters  has  lieen  carried  out  principally  by  two  groups : 
the  oceanographers  engaged  in  the  study  of  ocean  cur¬ 
rents  and  the  hydraulic  engineers  involved  in  stream 
gaging.  The  oceanographers  have  lieen  greatly  in¬ 
convenienced  by  the  lack  of  a  stable  observing  plat¬ 
form  as  well  as  the  need  to  determine  both  speed  and 
direction  of  the  current  throughout  relatively  great 
depths.  Hydraulic  engineers,  on  the  other  hand,  usu¬ 
ally  have  the  convenience  of  a  relatively  stable  plat- 
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form,  such  as  a  bridge  or  cableway,  although  gaging 
from  a  boat  is  necessary  in  some  large  rivers.  Stream 
gagings  are  usually  made  upstream  from  the  influence 
of  tidal  action;  hence  the  flow  is  unidirectional  and 
parallel  to  the  stream  banks  so  that  current  direction 
determinations  are  necessary  only  where  cross  flows 
exist.  The  estuary  researcher  may  find  himself  using 
methods  from  either  field,  but  it  is  a  great  convenience 
when  he  can  utilize  a  fixed  platform  or  anchor  the 
vessel  tautly. 

The  propeller  and  cup  or  paddle  wheel  are  two  types 
of  meters  which  employ  a  rotating  element.  Those 
that  have  been  proven  to  be  fairly  reliable  after  use 
for  a  period  of  time  have  been  described  in  detail  by 
Johnson  and  Wiegel  (1959).  A  copy  of  a  table  from 
their  report  (Table  1)  describes  for  these  meters  the 
location  of  the  recorder,  the  degree  of  continuity  in 
record,  the  depth  limit  in  feet,  and  the  velocity  range 
in  knots.  Of  the  32  meters  listed,  17  record  internally 
and  the  rest  are  set  up  for  remote  recording.  Twenty- 
one  of  the  32  provide  for  continuous  recording, 
whereas  the  others  give  only  several  readings  or  a 
single  reading  on  a  given  lowering  of  the  instrument. 
Of  the  internal  recording  devices,  five  record  photo¬ 
graphically  ;  four  drop  shot  into  a  compass  box ;  one 
makes  an  impression  of  indicating  dials  on  tinfoil ; 
four  have  chronographs;  one  prints  mechanically  on 
a  thin  metal  foil ;  and  one  prints  mechanically  on 
paper.  Of  the  remote  recording  devices,  two  are  direct 
reading;  ten  utilize  a  chart  or  chronograph;  one  pro¬ 
vides  electric  pulses;  and  another  acoustic  pulses 
which  may  be  either  counted,  recorded,  or  integrated. 
All  arc  made  for  free  suspension  except  the  Car- 
ruthers  vertical  log,  which  is  mounted  over  the  side 
of  light  ships,  and  the  Mosby  meter,  which  was  con¬ 
structed  for  setting  on  the  bottom  and  measuring 
velocity  shear  along  the  sea  floor.  Five  of  the  meters 
do  not  measure  direction;  these  include  the  Idrac 
vertical  (direction  not  applicable)  and  the  Mosby 
meter,  in  which  direction  was  not  of  interest;  the 
other  three  are  the  von  Arx-I.  Price,  and  Carruthers 
vertical  log,  whose  orientations  are  intended  to  be 
observed  visually  from  the  surface.  In  addition  to 
the  rotation  meters  listed  above,  several  kinds  of  pro¬ 
peller  meters  have  been  constructed  in  the  past  pri¬ 
marily  for  stream  gaging,  but  very  few  of  these  are 
now  in  existence.  Discussions  appear  in  the  literature 
on  at  least  seven  of  them,  including  descriptions  of 
the  meters  and  their  characteristics,  but  such  informa¬ 
tion  now  is  of  only  historical  interest. 

Six  other  rotation-type  meters  used  in  Russia  have 
been  described  by  Snezhinskii  (1954).  One  of  these 
is  a  cup-type  rotor  giving  current  speed  only ;  five  are 
the  propeller  type  of  which  two  measure  current  s]>ccd 
only,  and  three  give  both  speed  and  direction.  Two 
of  the  six  current  meters  transmit  signals  to  the  sur¬ 
face  for  recording  on  board  ship.  The  other  four 
record  internally :  two  of  these  four  record  photo¬ 
graphically  or  on  film,  and  one  is  a  counter  type. 
Several  variations  on  the  counter  type  include  a  metal 
foil  record  and  an  integrator. 


Wave  action  and  the  roll  of  the  ship  cause  many 
of  the  rotation-type  meters  to  give  erroneous  results. 
In  several  of  the  instruments,  some  attempt  has  been 
made  to  overcome  this  by  placing  the  rotating  element 
in  a  ring  or  tube.  Additional  auxiliary  equipment  on 
some  of  the  meters  includes  depth-measuring  appara¬ 
tus  and  temperature  sensors. 

Of  the  current  meters  listed,  loose  which  are  in 
most  potmlar  use  today  for  stream  gaging  are  the  Ott 
rneter  in  Europe,  Asia,  and  Africa  and  the  Price  meter 
(Fig,  1)  which,  together  with  the  Pygmy  meter  (not 
described  by  Johnson  and  Wiegel)  are  used  in  the 
United  States.  In  general,  these  are  not  used  in  sea 
water. 

The  primary  instruments  used  by  oceanographers 
in  the  United  States  are  the  Roberts  meter  (Fig.  2) 
and  the  Savonius  rotor  as  modified  by  Snodgrass 
(Fig.  3).  The  modified  Savonius  rotor  with  direction 
vane  is  currently  on  the  market  with  outputs  suitable 
both  for  telemetering  and  for  recording  on  ship  or  on 
other  platforms  as  well  as  for  self-contained  record¬ 
ing  photographically  and  on  magnetic  tape.  The 
Roberts  current  meter  has  been  modified  for  im¬ 
proved  circuitry,  larger  fins,  and  a  larger  impeller  for 
reaching  lower  thresholds ;  it  may  be  suspended  from 
shipboard  or  moored  in  shallow-water  locations  for 
telemetering  to  shore.  The  modified  Savonius  rotor 
meter  is  more  practical  than  the  modified  Roberts 
meter  for  direct  reading,  but  it  is  somewhat  awkward 
to  handle  and  has  a  maximum  range  of  about  five 
knots.  With  large  end  plates,  the  modified  Savonius 


Fig.  1.  The  Price  current  meter  ( Courtesy  of  General 
Motors  Defense  Research  laboratories). 
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Fig.  2.  The  Modified  Roberts  current  meter. 


rotor  response  to  vertical  motion  is  minimal.  In  some 
configurations  the  modified  Savonius  rotor  has  lower 
threshold  limits  than  the  modified  Roberts  meter. 
The  modified  Roberts  must  record  on  a  chart  for 
analysis,  because  the  direction  reading  is  obtained 
from  the  ratio  of  the  time  interval  between  a  direction 
and  a  velocity  pulse  relative  to  the  time  interval 
between  two  velocity  pulses. 


nates  the  need  to  make  accurate  measurements  of  its 
weight  in  the  field,  as  are  necessary  when  the  drag 
is  made  of  water-absorbing  plywood.  Theoretical  re¬ 
lationships  between  the  wire  angle  and  velocity  have 
been  found  adequate  to  a  depth  of  at  least  50  feet 
when  a  drag  2x3  feet  has  been  used ;  a  plastic  drag 
of  this  size  has  been  calibrated  in  a  tow  tank. 

Several  current  meters  have  been  designed  to  meas¬ 
ure  flow,  using  the  principle  of  drag  displacement  of 
a  small  object;  in  these  the  measurement  is  done  by 
wire  angle  gaging,  or  by  measuring  the  horizontal 
displacement  of  the  drag  object,  or  by  determining  the 
force  exerted  by  the  fluid  on  a  fixed  object  (example 
of  the  latter  is  the  piezo-electric  measurement).  Meth¬ 
ods  of  pickoff  for  these  devices  vary.  In  one  case  a 
pendulum  and  a  compass  are  mounted  within  a  case 
filled  with  gelatin.  As  the  meter  body  cools,  the  gel 
viscosity  increases  considerably,  which  attenuates 
quasi-periodic  motion.  Finally,  it  freezes  and  the  pen¬ 
dulum  and  compass  are  set  in  a  mean  position.  For 
reuse,  the  unit  is  simply  reheated  in  hot  water  to  melt 
the  gelatin.  In  one  case,  the  recording  principle  is 


Momentum  or  Displacement  Current  Meters 

These  fall  into  several  categories.  One  is  the  vari¬ 
able-area,  constant -head  meters  which  include  the 
rotameter  and  piston  slot.  In  the  rotameter,  the  fluid 
flows  upward  through  a  tapered  tube,  lifting  a  shaped 
weight  (possibly  misnamed  a  float)  to  a  position 
where  the  upper  fluid  force  just  balances  its  weight ; 
elevation  of  the  float  is  read  against  a  vertical  scale 
to  give  the  current  speed.  In  a  piston-tvpe  current 
meter  the  buoyant  force  of  the  liquid  carries  the  pis¬ 
ton  upward  until  sufficient  area  has  been  uncovered 
in  a  slot  in  the  side  of  a  vertical  tube  to  allow  the 
liquid  to  flow  through  the  slot.  The  position  of  the 
piston  indicates  the  flow  rate,  and  by  proper  shaping 
of  the  slot,  a  meter  may  he  made  with  a  uniform  flow 
scale.  Mechanical,  pneumatic,  and  electrical  position- 
sensing  mechanisms  are  available  to  make  recorders, 
indicators,  and  totalizers  of  these  devices. 

Another  type  of  meter  depends  upon  measuring  the 
force  exerted  upon  a  body  by  a  fluid  flow.  The  force 
being  measured  is  that  necessary  to  restrain  the  body 
in  some  equilibrium  position.  Force  may  be  measured 
directly  by  spring  balance,  indirectly  by  strain  gages, 
or  the  angle  extended  by  a  cable  supporting  the  body. 
If  these  devices  are  large  they  are  usual!)  designed 
to  measure  a  steady  current.  Reduced  to  small  size, 
however,  they  will  follow  rapid  fluctuations.  An  in¬ 
expensive  device  developed  by  Pritchard  and  Burt  is 
known  as  a  captive  drag.  It  consists  of  a  bi-planc 
cross  which  is  suspended  from  an  anchored  ship  by 
a  small-diameter  wire,  and  a  gage  is  mounted  on  the 
wire  to  measure  the  deviation  of  the  angle  from  the 
vertical.  The  magnitude  of  this  angle  dc|>ends  upon 
the  depth  of  the  drag,  the  force  exerted  on  the  drag 
by  the  current,  and  the  submerged  weight  of  the  drag. 
It  is  advantageous  to  use  a  plastic  drag  which  elimi¬ 
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photographic.  Nine  such  meters  have  been  discussed 
in  detail  by  Johnson  and  Wiegel. 

Medical  Electronics  Comparisons 

It  is  interesting  to  examine  what  has  been  done  on 
flow  measurement  in  the  field  of  medical  electronics. 
The  measurement  of  blood  flow  is  one  of  the  mosi 
fundamental  of  physiological  measurements.  Numer¬ 
ous  methods  for  measuring  various  parameters  of  tne 
circulation  of  the  blood  have  been  developed.  Yet  de¬ 
spite  many  years  devoted  to  such  studies,  there  is  no 
generally  accepted  method  for  measuring  the  volume 
of  flow.  Many  of  the  methods  are  adaptations  of  meth¬ 
ods  previously  developed  for  use  in  industry.  A  few 
were  developed  originally  for  measuring  the  flow  of 
blood  and  subsequently  were  adopted  by  engineers  or 
physicists  for  other  applications.  Thirty  papers  were 
presented  at  a  blood  flowmeter  symposium  of  The 
Institute  of  Radio  Engineers  (I.R.E)  in  1959;  four 
were  on  the  ultrasonic  flowmeter  (based  on  sound 
velocity  differential);  12  dealt  w;' >  electromagnetic 
flowmeters  including  gat  id  sine- wave,  chopper-oper¬ 
ated,  square-wave,  and  DC  types;  one  concerned  an 
orifice-plate  producing  a  pressure  differential ;  one 
utilized  nuclear  magnetic  resonance;  one  was  a  mini¬ 
ature  turbine ;  three  •  ealt  with  measuring  the  transit 
time  of  various  tracers,  including  air  bubbles,  dye,  and 
radioactivity;  two  concerned  measuring  temperature 
transport  or  temi>erature  differential;  one  involved 
measuring  drag;  and  the  remainder  were  theoretical 
or  descriptive  papers  including  one  which  compared 
the  characteristics  of  a  number  of  differential  pressure 
meters  used  in  blood  flow  measurements. 

Most  of  the  blood  flowmeters  have  probe  miniaturi¬ 
zation,  a  feature  which  has  not  been  generally  re¬ 
quired  of  flowmeters  in  other  fields.  Possibly  some 
of  these  devices  can  be  adapted  in  oceanography  for 
cases  in  which  miniaturization  of  the  transducer  is 
advantageous. 

The  nuclear  magnetic  resonance  flowmeter  (which 
is  one  of  the  newest  of  these  blood  flow  devices)  offers 
large  dynamic  range  and  theoretically  good  accuracy. 
The  fundamental  basis  of  the  method  is  the  absorption 
of  r.f.  energy  by  protons  in  a  substance  containing 
hydrogen,  when  subjected  to  a  strong  steady  magnetic 
field  of  appropriate  radio  frequency.  This  absorption 
is  due  to  induced  transitions  between  energy  levels  of 
the  spinning  protons  in  the  magnetic  field,  and  de¬ 
pends  principally  on  the  magnitude  of  the  magnetic 
and  r.f.  fields  and  on  the  number  of  susceptible  nuclei 
present.  If  a  substance  is  caused  to  flow  through  the 
combined  magnetic  fields,  the  amount  of  energy  ab¬ 
sorbed  varies  with  the  flow  rate. 

LIMITATIONS 

1-actors  limiting  measurements  of  estuarine  flow  are 
turbulence,  organisms  and  suspcmled  matter,  motion 
of  the  platform  or  mooring,  atmospherics  (including 
icel,  vandalism,  ami  public  accidents.  Practical  prob¬ 
lems  in  the  direct  measurement  of  currents  in  the  tea 


hav-.-  been  described  in  detail  by  Paquette  ( 1963)  and 
only  a  summary  will  be  given  herein. 

Previous  discussion  in  this  paper  indicated  that 
errors  in  currents  measured  by  meters  hung  from  a 
ship  or  buoy  occur  not  only  because  of  turbulence  but 
also  because  of  the  motion  of  the  platforms  used  for 
most  meters.  Errors  which  can  occur  without  motion 
of  the  platform  include  distortion  of  the  near-surface 
flow  by  the  platform,  deviations  of  a  magnetic  com¬ 
pass  in  the  current  meter  by  iron  on  the  platform, 
elasticity  and  hence  distorted  response  of  a  long  sus¬ 
pending  cable,  dynamic  errors  of  the  current  meter 
■♦self,  and  meter  depth  variations  which  are  indeter¬ 
minable  when  a  long  suspending  cable  without  a  depth 
element  is  used. 

Dynamic  errors  associated  with  current  meters  have 
been  classified  by  Paquette  into  five  types ;  ( 1 )  those 
due  to  slow,  more  or  less  random  movements  of  the 
platform,  (2)  those  due  to  the  elasticity  of  long  sus¬ 
pensions  and  the  elasticity  and  slack  in  moorings, 
(3)  those  due  to  dynamic  insufficiencies  in  the  meter 
itself  which  prevent  accuracy  when  following  rapid 
transients,  (4)  those  due  to  pendulous  or  elastic  cord 
types  of  oscillations  of  this  suspension  which  are  ex¬ 
cited  by  the  rolling  and  heaving  of  the  platform  or  by 
turbulence,  and  (5)  those  due  to  vertical  motions  of 
the  meter. 

Slow  movements  of  the  platform  occur  with  each 
change  of  current  and  with  each  gust  of  wind.  Long 
suspensions  buffer  the  current  meter  against  short 
rapid  movements  of  the  platform  but  diminish  the 
ability  of  the  meter  to  detect  transients  in  the  velocity 
at  depth.  The  mooring  inevitably  has  elasticity  (often 
by  design)  in  order  to  absorb  shock  loadings.  Taut 
moors  are  recommended  wherever  feasible  to  diminish 
this  effect. 

Rapid  transient  horizontal  motions,  real  and  artifi¬ 
cial,  are  presented  directly  to  the  current  meter  by 
wave  motion,  or  indirectly  by  wave-induced  platform 
movement,  or  natural  turbulence  of  the  water.  The 
effects  are  most  serious  when  the  real  currents  or 
their  means  are  small  compared  to  the  real  or  artificial 
transients.  Failure  in  directional  response  to  these 
rapid  changes  by  most  propeller-type  meters  is  ap¬ 
parent.  In  the  presence  of  such  transients,  the  modi¬ 
fied  Savonius  rotor,  which  is  equally  sensitive  to  flow 
from  all  orientations,  reads  a  fictitiously  high  value 
for  the  steady  flow. 

For  a  suspended  current  meter,  errors  occur  be¬ 
cause  of  pendulous  elastic -cord  and  rotary  oscillations. 
A  calculation  of  resonant  lengths  shows  that  a  sus¬ 
pension  which  is  300  feet  in  length  will  resonate  to 
a  20-seoml  period.  Since  most  ships'  rolls  are  in  the 
region  of  5  to  10  seconds,  this  corresponds  to  lengths 
of  20  to  80  feet,  and  one  should  anticipate  a  greater 
likelihood  of  resonance  m  this  region.  Of  course, 
the  small  boats  likely  to  be  used  in  hays  and  estuaries 
have  a  shorter  period  of  roll. 

Errors  due  to  vertical  motions  on  current  meters 
arise  from  four  causes:  (1)  asymmetrical  water  flow 
about  the  rotor  generated  by  the  body  of  the  current 
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meter,  (2)  direct  sensitivity  of  unhoused  rotors  to 
vertical  motion  due  either  to  front-to-back  symmetry 
in  the  propeller  blade  or  to  a  form  of  turbine  action 
which  occurs  in  horizontally  oriented  bucket  wheels, 
(3)  porpoising,  and  (4)  fairly  constant  tilting  of  the 
meter  due  to  current  drag  which  exposes  a  projection 
of  the  face  of  the  meter  to  vertical  motion.  To  over¬ 
come  the  last  effect,  the  original  Snodgrass  telere¬ 
cording  current  meter  was  suspended  in  a  gimbal 
and  dynamically  balanced  for  torque  moment  and 
therefore  remained  vertical  from  0  to  5  knots. 

in  summary,  with  some  sus|>ended  current  meters 
and  existing  techniques,  the  problems  of  stray  motion 
and  limited  dynamic  response  are  serious  when  the 
current  is  feeble.  Generally  speaking,  small  short- 
period  fluctuations  are  difficult  to  measure.  The  large, 
long-period  transients  may  be  measured  with  fair  ac¬ 
curacy  but  may  obscure  mean  currents  in  those  areas 
where  the  transients  far  exceed  the  means.  Of  exist¬ 
ing  mooring  systems,  the  stiff  taut- wire  moor  with  a 
small  surface  float  serves  fairly  well  in  the  depth  be¬ 
low  the  submerged  buoy. 

Living  organisms  which  infest  current  meters  in¬ 
stalled  over  a  period  of  time  provide  a  great  deterrent 
to  successful  operation.  The  live  foulants  may  be  con¬ 
trolled  rather  well  by  applying  the  standard  anti¬ 
corrosive,  anti-fouling  paint  system  such  as  that  used 
by  the  U.  S.  Maritime  Administration  for  ships’  bot¬ 
toms.  Waterborne  suspended  matter,  in  estuaries 
which  have  very  large  tidal  ranges  or  in  swift  streams, 
is  abrasive  to  meters  and  it  is  especially  wearing  on 
non-purging  hearings  of  the  current  meters  with 
rotating  elements. 

If  optical  or  visual  sightings  are  used,  the  path 
method  can  suffer  from  adverse  atmospherics,  ''•n- 
dalistn  is  a  sizable  problem  for  untended  installations 
near  shore  or  in  heavily  traveled  water  routes,  includ¬ 
ing  the  high  seas.  Public  accidents  can  occur  and 
public  curiosity  has  brought  occasional  delays  or 
hindrance.  The  writer,  conducting  a  path  method 
study  in  San  Diego  Bay,  released  12  near-surface 
drifting  drogues.  On  the  first  positioning  run  three 
of  the  drogues  were  missing:  one  was  found  on  the 
deck  of  a  submarine  moored  in  the  middle  of  the  Bay, 
ami  another  was  found  sitting  on  a  Broadway  pier. 

FUTURE  DEVELOPMENT 

Future  solid  state  devices  for  measuring  flow  in 
estuaries  and  the  ocean  will  continue  to  l>e  cx|>ensive 
for  sonic  time  since  few  such  precise  instruments  are 
required,  Examples  of  future  development  of  solid 
state  items  may  include  a  frequency -modulated  acous¬ 
tic  flowmeter  and  a  nuclear  magnetic  resonance  flow¬ 
meter.  The  latter  has  been  shown  to  lie  theoretically 
ca|»able  of  more  accuracy  than  the  acoustic  ami  elec¬ 
tromagnetic  meters  for  measuring  blood  flow  i  Sym¬ 
posium,  I.K.K..  1959 1. 

There  is  a  great  need  for  a  current  meter  of  rapid 
response  in  both  direction  ami  velocity  which  is  in¬ 
sensitive  to  stray  motion  and  will  integrate  accurately 
to  zero  all  of  the  umlcsired  cyclic  motions  i  I'aquctte. 


1963).  A  step  in  this  direction  could  lie  a  restrained 
drag  or  a  rotor  and  a  small  vane  with  each  having 
good  and  nearly  equal  response  characteristics.  The 
flow  speed  could  be  reduced  into  the  net  magnetic 
north  and  magnetic  east  components  for  the  time 
interval  sampled  by  using  sine  and  cosine  resolvers 
motivated  by  the  vane;  they  could  operate  on  the  flow 
speed  signal  and  provide  the  two  component  output' 
to  two  integrators. 

Lightweight,  inexpensive  current  speed  detectors 
with  simple  direct-reading  meters  will  undoubtedly 
be  required  in  larger  quantities,  and  as  the  demand 
increases,  they  will  become  more  economical  to  pur¬ 
chase  and  use.  But  their  cost  will  be  more  than 
tripled  when  the  requirement  is  added  for  direction, 
measured  in  relation  to  compass  orientation. 

RECOMMENDATIONS 

Selection  of  a  method  and  device  for  flow  measure¬ 
ments  dejiends  upon  available  support  facilities,  type 
and  training  of  personnel,  planned  use  of  data,  budget, 
device  availability,  and  data  handling  program.  The 
importance  of  data  handling  cannot  be  overempha¬ 
sized  ;  it  is  now  possible  to  record  the  data  for  ready 
input  into  machines  and  no  manual  handling  is  re¬ 
quired.  In  this  case  an  analog  quick  look  or  alternate 
method  of  scan  to  insjiect  the  data  for  possible  diffi¬ 
culties  is  desirable. 

Plans  for  a  current  measuring  program  must  con¬ 
sider  time-space  requirements  for  data,  desired  data 
accuracy,  range  of  flow  magnitude,  data  format,  as 
well  as  some  prior  study  of  the  flow  regime  to  esti¬ 
mate  its  turbulent,  oscillatory,  slowly  varying,  or 
steady  state.  A  combination  of  methods  and  devices 
for  measurements  is  frequently  used  to  provide  cross 
calibration:  a  secondary  method  may  be  used  to  elimi¬ 
nate  errors  or  interference  from  measurements  taken 
by  the  prime  device. 

CONCLUSIONS 

The  swiftest  currents  in  estuaries  arc  due  to  tidal 
ebb  and  flood  and  to  stream  runoff.  The  current, 
averaged  over  a  period  of  tens  of  minutes  to  several 
hours,  may  lie  measured  by  tracing  and  plotting  the 
trajectory  of  drogues,  patches  of  contaminants,  etc. 

Numerous  flow-measuring  devices  have  been  de- 
velopcd.  The  cheapest  and  simplest  of  these  is  the 
captive  drag,  which  is  usable  between  the  surface 
and  depths  of  50  or  100  feet.  Current  meters  with 
rotating  elements  are  in  greater  use  than  all  other 
types.  The  fioptilar  ones  include  the  Price  meter 
( speed  only )  for  stream  gaging,  the  modified  kobrrts, 
and  the  modified  Savonius  rotor  with  vane;  the  last 
two  register  speed  and  conqiass  direction  and  are  used 
hy  oceanographers.  Rotating  meters  are  incapable 
of  instantaneous  response,  but  they  are  fairly  suitable 
for  averaging  the  current  over  periods  of  10  to  20 
seconds  or  longer.  Rotating  clement  meters  are  sub¬ 
ject  to  errors  due  to  wave  action,  ship  roll,  ami  rela¬ 
tively  high  frequency  turbulence.  Ideally,  all  of  these 
devices  should  he  suspended  from  an  immobile  plat- 
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form.  In  the  absence  of  such  a  facility,  it  should  be 
approximated  by  tautly  anchoring  the  observing  lx>at 
or  by  suspending  the  meter  below  a  taut-wire  anchored 
buoy. 

Solid  state  flowmeters  which  are  capable  of  meas¬ 
uring  turbulence  when  rigidly  fixed  at  a  point  in  the 
flow  have  been  developed,  but  these  are  relatively 
costly  and  somewhat  complicated. 

Recordings  from  current  meters  can  be  planned  so 
that  all  data  handling  and  processing  is  accomplished 
by  a  high-s|>eed  computer,  Inu  a  visual  scan  by  an 
experienced  person  is  desirable. 

In  any  current-measuring  program,  a  cross-check 
on  the  method  or  device  by  an  alternative  method  is 
recommended. 
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This  is  an  excellent  time  to  discuss  the  origins  of 
estuaries.  Examples  occur  along  practically  all  coasts. 
An  even  more  appropriate  time  would  have  been  about 
3.000  years  ago  when  the  sea  attained  about  its 
present  level.  A  few  ten  thousands  of  years  from  now 
estuaries  may  be  quite  rare.  In  their  place  will  be 
numerous  valleys  with  alluvial  flood  plains  widening 
seawaid.  and  in  some  cases  blending  into  deltaic  or 
other  coastal  plains. 

Estuaries  have  been  uncommon  features  during 
most  of  the  earth's  history  which  started  geologically 
when  the  oldest  lock  now  exposed  at  the  surface 
originated.  Continents  were  low  and  relatively  flat; 
climatic  zoning  was  inconspicuous  either  lietween  cor 
tincntal  interiors  and  roasts  or  between  equator  and 
poles.  During  the  more  recent  part  of  the  earth's 
history,  oceans  stood  somewhere  above  their  present 
level.  This  “normal”  condition  has  been  interrupted 
now  ami  then  by  crustal  unrest,  when  earthquakes  and 
volcanic  activity  increased  in  frequency  and  magni¬ 
tude.  when  high  mountains  and  plateaus  became  con¬ 
spicuous  topographic  features,  and  when  climatic  con¬ 
tinental  ity  and  conation  became  striking,  as  is  the  case 
today  ( lirooks.  1926;  Russell.  19411.  During  these 
“abnormal”  times  huge  masses  of  continental  ice  now 
ami  then  accumulated  on  land  at  the  rx|*nse  of 
oceanic  volume,  and  seas  retreated  to  lower  levels. 
These  interruptions  in  the  customary  tranquility  of 
earth  history  are  called  Ice  Ages.  There  have  heen 
several,  the  earliest  of  which  was  extremely  ancient. 
There  is  no  evidence  in  the  geological  record  to  indi¬ 
cate  progressive  refrigeration  of  the  earth. 

r.  I  .AC  IO-  El'STAt  ‘  Y 

Tlw  sea  level  was  lowered  during  each  glacial  epi¬ 
sode  ami  was  raised  again  when  meltwaters  were  re¬ 
turned  to  the  oceans.  While  almost  nothing  i*  known 
definitely  about  sea-level  fluctuations  of  earlier  ge¬ 
ological  time,  we  have  an  abundance  of  evidence  con¬ 
cerning  events  during  the  yuatemary  Ice  Age.  the 
one  in  which  we  are  living.  But  earlier  parts  of  the 
record  are  dim.  It  is  evident  that  there  have  heen  five 
major  fluctuations  in  ice  volumes  and  stands  of  oceans- 
It  is  also  highly  probable  that  each  lowering  or  raising 
of  the  sea  level  was  now  and  then  interrupted  by 
minor  stillstands  or  changes  of  trend  ( Emery.  J9M  ; 
Shepard.  1961 1.  But  our  certain  knowledge  of  events 
is  limited  to  the  relatively  short  interval  between  the 
culmination  of  the  last  main  glaciation  and  the  present 


day — since  the  rlinux  of  the  Wurm,  or  Wisconsin, 
if  we  must  apply  a  name. 

We  know  that  the  precise  level  of  modern  strandlines 
depemls  on  a  delicate  climatic  balance.  The  first  half 
of  the  twentieth  century  experienced  warming  trends 
in  temperature,  recession  of  ice  masses  on  land,  rising 
sea  levels,  and  the  disappearance  of  a  large  proportion 
of  the  small  valley  glaciert  of  our  western  states.  A 
slight  reversal  of  these  trends  may  be  in  effect  today. 
Within  historical  times  there  have  been  some  fairly 
pronounced  climatic  fluctuations,  but  all  were  insig¬ 
nificant  in  comparison  to  what  would  happen  if  all 
the  Antarctic  and  (ircrnland  ice  were  to  melt.  If  this 
should  happen  the  sea  level  would  probably  rise  more 
than  200  feet. 

During  the  culmination  of  the  last  major  glaciation, 
well  over  one-third — some  20  million  square  miles — 
of  the  land  surface  was  covered  by-  continental  ice, 
presumably  to  an  average  depth  of  about  a  mile.  Esti¬ 
mates  vary  as  to  the  volume  of  ice  and  the  effect  of 
its  subtraction  from  oceanic  waters.  Sot  long  after 
Agassiz  postulated  the  occurrence  of  an  Ice  Age. 
Charles  Maclaren  ( 1842)  calculated  that  the  sea  level 
dropped  about  800  feet,  assuming  that  ice  covered 
two-thirds  of  all  land  poleward  from  35*  and  that  it 
averaged  a  mile  in  thickness.  Maclaren  believed  that 
enough  meltwater  had  been  returned  during  the  last 
deglaciation  to  permit  a  recovery  in  sea  stand  of  about 
700  feet.  Thirty  years  later.  Alfred  Tylor  reduced  the 
estimate  of  lowered  sea  level  to  600  fret.  Nansen 
(1922)  and  Ramsay  (1930)  regarded  the  drop  as 
about  4R5  feet.  All  of  these  estimates  were  hased  on 
we  and  water  volumes.  t)ur  own  evidence,  which  is 
based  an  depths  of  alluvial  611  in  valleys  and  hence  is 
completely  independent  of  volume  estimates,  indicates 
a  sea  stand  of  ahnut  tJO  feet  below  present  level 
i  Ruswll.  l‘*f»4a  >.  Seas  may  have  heen  slightly  lower, 
hut  certainly  were  wt  higher,  during  the  culmination 
of  (lie  last  glacial  stage 

It  is  doubtful  that  most  of  the  last  main  rise  of  sea 
level  occurred  during  the  past  IR.000  years.  Radto- 
rarbon  dates  an  wood  and  prat  samples  from  Missis¬ 
sippi  \  alley  alluvium  suggest  this,  but  the  estimate  » 
hased  on  minimal  evidence.  Samples  presumed  In  hr 
Rtecnt  from  submarine  deposits  on  the  continental 
shelf  of  I-ouistana  appear  to  be  twice  that  old.  or 
--wen  beyond  the  possibilities  of  C'*  dating.  Recent 
peat  from  the  Swan  River  mouth  near  Berth.  Aus¬ 
tralia.  is  more  than  30.000  years  old.  The  Quaternary 
geologist  critical  r  needs  scene  means  of  reliable  dal- 
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mg  (or  the  Ust  500,000  years.  We  incline  toward  a 
belief  that  the  Recent  rise  may  have  started  about 
50.000  years  ago  ( Russell,  1964b ) . 

The  drop  in  sea  level  during  the  waxing  of  the  last 
major  glaciation  appears  to  have  been  rapid.  We 
have  little  evidence  from  other  parts  of  the  world,  but 
in  the  lower  Mississippi  Valley  we  know  the  thickness 
of  Recent  alluvium  so  accurately  that  we  can  estab¬ 
lish  precisely  the  positions  and  slopes  of  the  pre- 
Recent  trenches  of  the  main  river  and  its  tributaries. 
From  Cairo,  Illinois,  to  tlie  Gulf  of  Mexico,  the 
Mississippi  gradient  leading  to  the  lowest  sea-level 
stand  was  essentially  constant  at  0.83  ft. 'mi.  (Fisk. 
1944).  There  is  no  suggestion  of  an  exponential  de¬ 
crease  such  as  is  ordinarily  exhibited  by  profiles  along 
today’s  stream  beds  or  longitudinal  slopes  of  flood- 
plain  surfaces.  The  river  etaled  its  relatively  narrow- 
trench  in  response  to  a  dropping  sea  level,  and  it  may 
he  surmised  that  ice  volumes  on  land  increased  at  a 
rapid  rate. 

INITIATION’  OF  ESTUARIES 

The  Recent  rise  of  the  sea  level  was  initiated 
abruptly  by  a  change  from  waxing  to  waning  of  ice 
volumes  (Russell,  1957).  There  w.-s  little  oi  no 
widening  of  valley  walls  during  the  lowest  sea  stand. 
The  rise  was  undoubtedly  variable  in  rate.  Prior  to 
6,000  years  ago.  when  the  sea  level  stood  about  3)  feet 
lower  than  at  piesent.  the  rate  of  rise  decreased 
noticeably.  It  averaged  about  0.5  feet  per  century 
until  about  3.000  years  a^o.  when  an  approximate  stiii- 
stand  was  established  ( :  Icinlire  and  Morgan.  1962 1 . 
During  the  rise,  coastal  plains  and  deltas  near  the 
outer  edge  of  today’s  cot.*  nentai  shelves  were  the 
first  to  become  submerged.  Shorelines  moved  upward 
and  across  the  shelves,  and  eventually  into  valley 
-v-tenis  At  the  lowest  sea  stand,  estuaries  were  rare, 
hut  as  the  level  rose  they  hrcwinc  numerous  ami  later 
an  grew  more  complex  when  their  arms  invaded 
tributaries  of  valky  systems.  The  twak  of  estuarine 
development  occurred  when  still  stand  was  established. 

This  general  picture,  of  course,  is  fraught  with 
ovcrgeneralirAtuxi  ami  nscrsimiditicatiem.  Natural  set¬ 
tings.  varied  from  one  estuary  to  another  Some 
rivers  had  rut  narrow  trenches  brlneen  walls  of  »i|ul 
rock.  Marine  invasion  resulted  in  long,  narrow  estu¬ 
aries  like  that  ol  the  Hudson  for  about  |tll  Hides  in¬ 
land  from  New  York  City.  In  mam  cases  c<v  ijdrtr 
valley  systems  were  drowned  and  the  resulting  estu¬ 
aries  were  characteriml  by  mans  arms,  each  leading 
up  a  tributary  valky  as  in  the  Oesj|e»kr  and  IWa- 
ware  Ray*.  Contrasts  between  individual  rstuaries 
usually  were  caused  by  differences  in  local  tapng- 
raphy.  geological  structure,  rock  rtenjosition  and 
ftructure.  processes  of  cros tonal  sculpture,  or  a  similar 
group  of  elements  asweulni  w>ib  drpnsitiorul  land ■ 
forms. 

EXAMPLES  OF  ESTUARIES 

A  taxonomic  classification  of  rstuaries  would  be 
even  more  complex  than  a  rataW^t  of  shoreline  types 


While  many  people  find  such  exercises  rewarding.  I 
regard  them  as  fruitless  and  unjustified  because  our 
knowledge  of  coastal  features  is  so  incomplete.  It  is 
necessary  to  recognize  major  types,  hut  I  feel  tlwt 
there  will  he  little  tasting  value  in  detailed  end  specific 
classifications,  particularly  if  the  taxonomy  is  based 
on  deductive  approaches  and  if  information  gleaned 
from  charts  or  aerial  photographs  is  used  as  evidence. 

Fjords  rank  high  among  the  world’s  notable  physi¬ 
cal  examples  of  estuaries,  and  certainly  they  are  the 
most  picturesque.  Tongues  of  continental  ice  moved 
down  ind  along  pre-existing  valleys,  increasing  their 
depths  irregularly  and  accentuating  the  steepness  of 
their  walls.  Above  the  level  of  marine  invasion  these 
valleys  commonly  exhibit  glacial  stairways  in  which 
the  '.reads  contain  chains  of  lakes  of  highly  variable 
depth,  and  the  risers  between  them  tre  likely  to  be 
abrupt  and  steep,  facing  downvallcy.  Continuation 
of  the  longitudinal  profile  under  the  estuary  ordinarily 
reveals  the  presence  of  bedrock  hasins  separated  by 
sills  that  rise  locally  because  the  floor  was  jurticularly 
resistant  to  scour  beneath  the  weight  of  moving  ice. 
Oxygen-deficient  water  nuv  remain  quite  stagnant 
in  the  lower  parts  of  basins. 

Down  thrown  blocks,  or  grabens,  between  fault  zones 
account  for  similar  estuaries  and  vary  in  size  on  up 
to  the  Cull  of  California  or  the  Red  Sea.  In  some 
cases  the  seaward  connection  is  fairly  narrow,  but  in 
others  it  may  he  broad  and  open.  It  is  improbable 
that  the  marine  indentation  of  the  False  Hay  gTaben. 
east  of  the  Cape  of  Good  Hope,  would  be  regarded 
as  an  estuary  1;>  anyone.  On  the  other  hand,  the 
narrow  Gulf  of  Aqaba,  a  continuation  of  the  Jordan 
Valley-Dead  Sea  grabm.  is  typically  estuarine.  as  is 
Tomalcs  Hay.  abe-.g  the  San  Andreas  fault  zone,  north 
of  San  Francisco. 

San  Francisco  Hay  occupies  a  complex  hasin  of 
fault  .  ltd  rrosionai  ong;-i.  Jin-  louden  Gate,  which 
cuts  across  fault  trends,  is  such  a  narrow  outlet  that 
|Ik-  hay*  estuarine  status  is  prolnldy  unquestioned 
Grahcns  ami  other  fault -related  estuaries  in  some 
case*  were  present  ihiring  I  lie  prr  kceent  km  siami 
of  ocean*.  Hut  the  ilepth  of  the  Goldin  Gate  is  such 
that  the  sea  level  mast  have  risen  ahull  III!  feet 
lie  l  ore  llie  mat ntr  >n\  asnwt  siartrd  m  San  Francisco 
liai  Another  coni|4etrlv  imrrl.ilol  example  of  estu 
aftes  formed  al  a  veri  recent  date  is  .he  shallov. 
lagoon  within  a  coral  alol’ 

MoU  rstuaries  are  drowtKs!  lower  ends  of  rner 
sy  stents  They  atr  as  varied  in  a|H«-< ranee  a*  die 
Landscapes  that  surrmtnd  them  There  i*  great  simi¬ 
larity.  however,  m  larvdvjprs  that  evolve  on  com 
parat’vrly  homogeneous.  erv stalline  hrdroek.  Whether 
■I  he  mi  the  frllv  of  northern  Finland,  the  ruggvtl  High 
Sierra  of  (  aliiatnu.  part*  of  arid  northwestern  Aus¬ 
tral**.  or  the  uwithern  Appalachian*.  granitr  rntl 
weathers  into  thin  cvfoliatinet  layers  that  trad  It 
crmnWe  into  grittv  drhris  consisting  largely  of  fresh 
mineral  crystals.  As  these  layers  arc  detached,  the 
bedrock  surface  de-vrlop*  topographic  forme  dictated 
hr  rock  strwetute  The  Umhcape  i*  corvmrwilr  dnmi- 
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luted  by  domes  and  planes  along  joint  surfaces.  Stone 
Mountain,  Georgia,  the  mountains  above  Yoseinite 
Valley,  or  Sugar  Loaf  and  similar  features  near  Kio 
de  Janeiro  present  greater  !andsca|>c  similarities  than 
might  be  suggested  by  their  varying  climatic  locations. 

Kstuarine  Guanabara  Bay  in  Brazil  is  particularly 
instructive.  Its  shores  in  many  places  -re  similar  to 
those  that  would  result  if  the  Sierra  Nevada  were 
suddenly  submerged  to  a  depth  where  the  Pacific 
Ocean  lapped  against  Yosemite’s  Half  Dome.  Km- 
phasis  should  be  placed  on  "suddenly",  because  the 
granitic  shores  near  Rio  de  Janeiro  exhibit  almost  no 
evidence  of  attack  by  marine  processes.  Sea-level 
stillstand  has  not  been  sufficiently  lengthy  to  permit 
notching  or  sea -cliff  development.  This  is  true  on 
the  Kota  Peninsula,  Scandinavia,  the  southern  coast 
of  Western  Australia,  and  in  all  other  places  where  1 
have  had  the  opportunity  to  study  granite  coasts. 
Clear  water  is  characteristic  of  these  estuaries  because 
arkose,  the  product  of  weathering,  settles  rapidly  to 
the  bottom  and  remains  there  as  a  clean  mixture  of 
quartz  and  comparatively  fresh  feldspar  crystals. 

Other  “hard  rock"  coasts  develop  estuaries  that  in 
some  ways  resemble  those  in  granitic  rock.  The 
calangues  and  other  small  coves  along  the  southeastern 
coast  of  France,  although  developed  in  a  variety  of 
rocks,  are  as  dear  and  picturesque  as  if  they  had  been 
cut  in  granite.  Durable  rock,  however,  develops  a 
wide  variety  of  landscapes  or  estuaries.  Bedding  or 
other  rock  structures  may  Jip  at  various  angles ;  topo¬ 
graphic  grain  may  he  fine  or  coarse,  uniform  or  ir¬ 
regular  :  and  folding  or  faulting  mar  complicate  mat¬ 
ters.  Such  factors  affect  shorelines  and  the  topog¬ 
raphies  above  and  below  them 

The  lee.'t  scenic  estuaries  occur  on  low  coasts  where 
hedruck  is  poorly  consolidated  and  flat-lying.  These 
are  most  characteristic  of  coastal  plains  lying  inland 
from  broad  continental  siiclves,  particularly  around 
the  Atlantic  Ocean.  Krosional  landscapes  created  dur¬ 
ing  low  stands  of  the  sea  are  not  particularly  exciting. 
n*>r  arc  there  many  scenic  •  t«<ts  along  shores  standing 
some  -150  feet  above  the  pre-  Recent  low. 

Coastal  pla"i  estuaries  commonly  originate  or  he- 
cimw  modified  ty  drpositiunal  landiorms  Along  much 
of  the  Gulf  coast,  for  exaitt|4r.  two  distinct  shorelines 
exist.  The  inner  one  is  irregularly  nwlcnlrd  ami 
bounds  normal  estuaries  inch  as  Ua'fin.  Corpus 
Christi,  San  Antonin,  and  Galveston  Bays.  The  isitrr 
shoreline  is  straight  and  continuous  for  a  tong  dis¬ 
tance.  Behind  it  he*  the  linear  estuary  of  laguna 
Mod  re  The  sounds  between  the  Outer  Banks  of 
North  Carolina  and  an  irregularly  mdrnlrd  mast  are 
b*oad  and  eont|dicated  m  pattern  hut  they  arc  equiva¬ 
lent  both  to  the  hays  and  Laguna  Modre  of  the  Texas 
coast. 

Barrier  islands  are  but  one  of  the  dr|»sitiana]  Land- 
forms  associated  with  low  oust  estuaries  Natural 
levees  of  rivers,  beaches,  rows  of  sand  duties.  spits, 
and  hart  commonly  form  Suren*  that  impound  basins 
or  restrict  inlet  widths  to  establish  estuarine  condi¬ 
tions  in  hays  or  other  indentations  that  formerly  were 


more  openly  connected  to  the  sea.  The  Pontchartrain 
Basin,  Ijtke  Borgne,  and  the  western  end  of  Missis¬ 
sippi  Sound  are  denied  free  intercourse  with  the  Gulf 
of  Mexico  by  natural  levee  embankments  along  the 
lower  Mississippi  River  and  its  Recent  distributaries. 
Sabine  and  Calcasieu  Lakes,  to  the  west,  have  become 
increasingly  estuarine  because  a  succession  of  beaches 
and  spits  has  restricted  their  outlets. 

Tombolos  are  sand  or  gravel  bars  between  a  coast 
ami  its  nearshore  islands.  In  some  cases  they  are 
compound  and  enclose  triangular  lakes.  Beautiful  ex¬ 
amples  occur  on  the  northwest  coast  of  Antigua  and 
near  the  southwest  comer  of  Puerto  Rico.  In  these 
cases  estuarine  conditions  prevail  because  the  beaches 
have  not  become  complete  barriers.  Tides  rise  and 
fall  with  ranges  and  timing  that  resemble,  with  some 
lag.  changes  of  level  in  the  adjacent  Caribbean  Sea. 

Spits  develop  along  practically  all  marine  or  lake 
coasts.  As  they  advance  into  deep  wv.ter,  their  ends 
commonly  recurve  at  elbows  and  in  some  cases  en¬ 
close  sheltered  bays,  estuaries,  lakes,  or  ponds.  To¬ 
ward  the  southeast  end  of  the  lialtic.  the  harbor  of 
i*uck  is  well  sheltered  by  a  lung  spit  leading  to  Hei, 
in  the  Gulf  of  Danzig.  Haffs.  to  the  cast,  have  be¬ 
come  almost  completely  seriated  from  the  sea  by 
spit  growth.  In  other  parts  of  the  World.  San  Diego 
and  many  other  hay  s  are  protected  by  lengthy  spits. 

Just  as  it  is  ordinarily  futile  to  ir  sist  that  precise 
definitions  be  applied  to  members  of  a  conn  minus 
series,  it  is  almost  impossible  to  apply  a  strict  scien¬ 
tific  meaning  to  a  word  in  popular  local  usage. 
Bayou  is  an  example :  estuary  and  lagoon  are  others. 
Laguna  Madrr  on  the  coasts  of  Texas  and  Mexico, 
most  of  the  lakes  and  bays  eastward  along  the  Gulf 
coast,  and  gulfs  in  various  parts  of  the  world  are 
estuarine  either  as  a  whole  or  in  part.  River  mouths. 
t,io.  commonly  pose  difficult  quesi’ons  as  *o  whether 
they  should  be  regarded  as  extuai  ies. 

The  lower  part  of  the  St.  Johns  River.  Florida,  is 
evsrafiallv  estuarine,  hot  how  should  passes,  in  the 
Lower  Mississippi  Delta  be  classified?  Many  aban¬ 
doned  passes  ami  others  with  a  limited  freshwater 
flow  gradually  decrease  in  salinity  upstream,  with 
relatrd  chan-es  in  fauna  The  more  active  Mississippi 
passes  desebip  hars  on  a  grand  scale.  In  the  vicinity 
of  Head  ol  I ‘asses  channel  depths  reach  III)  feet  and 
nasre.  but  scenes*  lut  o\er  JO  miles  away  mermouth 
fvrs  have  natural  deyiths  that  Vary  from  a  hut  ten 
feet  t«  almost  nothing,  ilepending  m:  seasonal  changes 
in  riser  discharge.  During  most  of  the  year  there  i» 
anise,  upstream,  saltwater  underflow  that  ordinarily 
affects  salinity  upstream  for  some  100  miles,  and 
occasionally  for  more  than  twice  that  distance.  Some 
writers  have  regarded  the  lower  pan  of  the  channel  as 
estuarine,  in  spite  of  the  fact  that  during  high  stages 
all  of  the  »alt  water  is  returned  to  the  f  ault  l  Ra*es 
IW  i  The  estuarine  omditMi  Fas  hern  accentuated 
artificially  by  dredging  South  and  ‘-■outhwe-st  Pass 
channels  to  drpths  of  JO  fert  or  mure 

On  small  rivers,  particularly  those  with  long  periods 
of  little  or  no  flow,  hars  may  dam  outlets  for  nuntki 
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or  years  at  a  time.  A  lull  range  of  examples  occurs 
along  the  coast  of  Western  Australir..  In  some  river 
mouths  changes  in  salinity  occur  so  often  and  are  so 
pronounced  that  fauna  are  impoverished  for  long  dis¬ 
tances  upstream.  Others  experience  less  sharp  or  sud¬ 
den  contrasts  and  maintain  thriving  fauna  that  grade 
upstream  into  typical  freshwater  assemblages.  In 
northwestern  Australia,  where  aridity  is  intense,  hy¬ 
persaline  conditions  are  maintained  as  a  result  of  high 
eva|»oration  rates  combine  1  with  seepage  of  marine 
water  through  bars.  Far  to  the  south  on  Rottnest 
Island,  near  Perth,  detached  remnants  of  former 
lagoons  have  become  isolated  lakes,  with  salinities 
running  up  to  saturation  as  a  result  of  evaporation  of 
seawater  seepage  through  several  hundred  yards  of 
unconsolidated  sand.  But  in  the  sediments  around  and 
under  these  lakes  are  fauna  and  flora  that  tell  us  of 
estuarine  conditions  some  centuries  ago. 

MODIFICATION  AND  EXTINCTION 

The  continuing  modifications  that  will  make  estu¬ 
aries  extinct  are  geologically  more  interesting  than 
seasonal  or  ephemeral  changes.  Most  estuaries  have 
changed  appreciably  during  the  last  3,000  years. 
Fjords  and  estuaries  bordered  by  durable  rock  are 
least  affected,  particularly  where  inflowing  ri-ers  are 
small  or  carry  inconsequential  sedimentary  loads. 
Waves  have  done  little  to  modify  their  shores.  Deltas 
and  bordering  depositional  flats  have  advanced  hut 
little,  especially  if  bottom  depths  are  considerable. 
Processes  of  mass  movement  may  have  done  little 
more  than  plunge  large  blocks  of  rock  into  clear  water 
or  leave  debris  cones  here  and  there  along  valley 
walls.  Similar  generalizations  apply  to  many  fault- 
related  estuaries.  Contemporaneous  faulting  usually 
results  in  lowering  central  blocks  of  grabens.  In  a 
rather  anomalous  case,  however,  the  Colorado  River 
succeeded  in  building  its  delta  completely  across  the 
width  of  the  Gulf  of  California,  isolating  nearly  200 
miles  of  former  estuary,  which,  in  an  extremely  arid 
climate,  now  has  become  a  below-sea-ievel  desert  with 
one  large  saline  lake. 

Estuaries  in  unconsolidated  rock,  like  those  along 
the  coasts  of  our  southern  and  southeastern  states, 
have  changed  the  most.  Grassy  marshes  or  swamps 
now  occupy  vast  Hat  surfaces  that  have  lieen  built  up 
to  about  the  level  of  high  tide.  The  Mobile  Ray  of 
three  ntillenia  ago.  for  example,  is  now  practically 
filled,  in  spite  of  regional  subsidence  that  has  lowered 
some  Indian  mounds  to  depths  f  ten  feet,  a  factor  that 
favors  estuary  enlargement.  The  large  ri  ers  of  Ala¬ 
bama  converge  into  it  and  have  deposited  their  loads. 
Maps  indicate  that  about  half  of  the  original  hay  has 
been  converted  into  swamp  or  marsh,  hut  these  are 
deceptive  because  they  indicate  that  the  other  half  is 
a  residual  water  area,  mostly  of  insignificant  depth. 
The  seaport  of  Mobile  is  served  by  a  navigable  chan¬ 
nel  that  approximates  a  river  course  along  the  western 
side  of  the  hay.  Farther  west,  the  extensive  estuary 
of  Pascagoula  River  is  almost  completely  converted  to 
ntarsh.  Similar  changes  have  occurred  in  Louisiana, 


where  most  estuaries  are  now  shallow  and  unim¬ 
pressive. 

DELTA  GROWTH 

Advancing  deltas  are  the  most  formidable  natural 
enemies  of  estuaries.  Delta  deposits  include  not  only 
land  surfaces  but  also  subaqueous,  prodelta  accumula¬ 
tions  that  may  have  surprisingly  large  volumes.  Ex¬ 
cepting  local  situations  where  the  generalization  is 
untrue,  current  velocities  in  estuaries  are  likely  to  he 
so  small  that  turbulence  is  insufficient  to  entrain  or 
transport  loads  of  sediment  particles  exceeding  silt 
or  clay  size.  Increase  in  the  volume  of  prodclta  de¬ 
posits  occurs  far  more  rapidly  in  estuaries  than  along 
open  coasts  exposed  to  trains  of  steeper  waves  and 
various  nearshore  currents. 

Deltaic  extinction  of  a  large  estuary  is  well  illus¬ 
trated  on  the  central  Louisiana  coast,  where  Lake 
Atchafalava,  a  product  of  the  Recent  stillstand,  has 
almost  disappeared  (Russell,  1938).  This  estuary  was 
about  100  miles  long  and  40  miles  wide  (Fig.  1). 
Originally  a  large  embayment  extended  inland,  open 
to  the  Gulf  of  Mexico.  Extremely  old  channels  of  the 
Mississippi  led  to  its  northern  shore.  About  4.000 
years  ago  the  Mississippi  established  a  course  it  re¬ 
tained  for  more  than  a  thousand  years,  close  to  its 
western  valley  wall.  This  Tcche-Mississippi  pushed 
its  natural  levees  and  delta  eastward  across  the  Atcha- 
falaya  Embayment,  converting  it  into  a  huge  estuary. 
Eater  the  Mississippi  diverted  to  its  existing  course 
along  its  eastern  valley  wall.  Natural  levee  plus  delta 
growth  soon  completed  the  barricade,  isolating  Lake 


Fig.  1.  The  Atchafalaya  Basin  and  other  basins  to  its 
north  are  bounded  on  the  west  and  south  hv  higher  natural 
levee  deposits  of  an  old  course  of  the  Mississippi  River 
(Teche-Mississippi)  and  on  the  east  and  north  by  deposits 
of  more  recent  Mississippi  courses. 
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Atchafalaya  from  the  (Julf.  The  lake  had  maximum 
areal  extent  at  that  time.  Three  outlets  were  estab¬ 
lished  across  the  Teche  barrier  to  the  south  and  the 
intrusion  of  Gulf  water  accounted  for  brackish-water 
fauna  that  thrived  in  the  seaward  part  of  the  lake. 
Sediments  contributed  by  small  rivers  to  the  west, 
the  Red  and  Atchafalaya  Rivers  to  the  north,  and 
crevasses  from  the  Mississippi  to  the  east,  accumu¬ 
lated  so  rapidly  that  by  the  time  Europeans  appeared 
on  the  scene,  the  original  Lake  Atchafalaya  had  been 
broken  into  many  smaller  lakes,  some  of  considerable 
size.  During  the  30  years  that  I  have  been  observing 
the  basin,  most  of  these  lakes  have  been  reduced  to 
insignificant  size  and  negligible  depth.  In  some  places 
sedimentary  accumulations  have  raised  the  elevations 
of  between-channel  surfaces  as  much  as  20  feet.  An 
evolutionary  history  that  started  with  an  open  body 
of  water,  and  included  the  development  and  extinction 
of  an  estuary,  has  reached  nearly  the  end  of  its  final 
chapter:  conversion  into  swamp  with  considerable 
areas  of  land  high  and  dry  enough  for  agricultural 
use.  In  1947,  sediment  other  than  that  of  colloidal 
composition  or  finest-clay  size  began  reaching  the  Gulf 
of  Mexico  (Morgan,  Van  Lopik,  and  Nichols,  1953). 
For  more  than  30  centuries  it  had  been  accumulating 
to  fill  lakes.  Now  that  they  are  nearly  filled,  increas¬ 
ing  amounts  are  reaching  the  coast  and  .accumulating 
is  a  growing  mudflat  just  outside  beaches  that  have 
been  active  during  the  last  17  years  and  less.  This 
mudflat,  with  widths  up  to  two  or  three  hundred  yards 
and  extending  more  than  125  miles  westward,  is  now 
converting  several  small  stream  mouths  into  estuaries 
or  lakes. 

One  of  the  world’s  most  spectacular  examples  of 
estuary  filling  occurred  along  the  Amazon  for  a  dis¬ 
tance  of  about  1,500  miles.  The  Amazon  Valley, 
strictly  speaking,  is  comparatively  narrow.  To  the 
north  it  is  bordered  by  plateaus  of  ancient  rock  and 
at  many  places  to  the  south  by  uplands  of  Tertiary 
age.  Little  of  the  area  between  the  confining  walls 
is  typical  flood  plain.  The  predominant  alluvial  sur¬ 
face  is  deltaic  in  origin  and  has  advanced  downstream 
to  fill  most  of  a  magnificent  estuary.  The  distinction 
between  a  flood  plain  and  a  delta  surface  is  well 
worth  making,  not  only  here  hut  generally,  in  cases 
where  estuaries  have  been  filled. 

Stream  channels  exhibit  comparatively  simple  pat¬ 
terns  on  flood  plains.  A  winding  major  channel  may 
be  joined  by  tributaries,  or  an  occasional  branch  in 
the  downstream  direction  may  divide  a  stream  into 
distributaries.  A  delta  surface,  on  the  other  hand,  is 
characterized  hv  intricate  branching  and  rejoining  of 
channels  that  are  separated  hv  lens-shaped  islands 
(Fig.  21,  The  fundamental  distinction,  however,  is  a 
matter  of  genesis.  Flood-plain  topography  originates 
subaeriallv,  but  channel  and  land  patterns  of  deltaic 
surfaces  are  initiated  as  submerged  features. 

The  water  coming  down  a  channel  flares  out  in  a 
plane- jet  flow  upon  entering  a  lake,  sea,  gulf,  or  ocean 
(Bates,  1953).  Natural  levees  along  channel  sides 
diverge  and  continue  as  submarine  features.  These 


de|>ositional  ridges  along  the  swiftest  current  bound¬ 
aries  l>ecome  more  widely  separated,  and  their  crests 
deepen  with  increasing  distance  from  the  shore.  As 
sediments  accumulate,  crests  grow  upward  and  become 
proximal  strips  of  land — extensions  of  the  natural 
levees  of  the  confined  channel.  Concurrent  with  the 
development  of  flanking  deposition.!)  ridges  is  the 
growth  of  a  shoal,  more  or  less  in  mid-channel  posi¬ 
tion.  Here  the  flow  is  relatively  uniform,  and  en¬ 
trained  sediment  is  deposited  more  effectively  than 
toward  the  channel  sides  where  threads  of  more  active 
and  complex  flow  parallel  depositional  ridges.  The 
mid-channel  shoal  emerges  as  an  exposed  bar,  or 
“middle  ground”  in  Lower  Mississippi  Delta  parlance, 
which  eventually  becomes  the  upstream  end  of  a 
lenticular  island  (Welder,  1955).  In  an  early  stage  of 
development  the  island  exhibits  an  inverted  V-pattem 
with  its  apex  pointer,  upstream.  The  legs  of  the  V 
are  natural  levees  flanking  the  now-divided  channel. 
As  time,  goes  on  they  lengthen  and  commonly  con¬ 
verge  downstream,  enclosing  an  interior  basin.  The 
convergence  is  favored  because  the  channels  on  either 
side  have  tendencies  to  flare  and  to  create  new  mid¬ 
channel  shoals.  In  time,  the  deltaic  plain  consists 
mainly  of  lenticular  islands.  Crevasses  leading  into 
their  interior  basins  contribute  sediment  that  eventu¬ 
ally  raises  their  levels.  Downstream  outlets  from 
basins  further  complicate  the  deltaic  pattern. 

Excellent  examples  of  rapid  delta-surface  advance 
are  found  along  the  Amazon  and  also  in  many  other 
estuaries,  including  Mobile  Bay  and  the  Atchafalaya 
Basin.  One  of  the  most  interesting  is  just  east  of 
South  Pass  in  the  Lower  Mississippi  Delta.  Pass  a 
Loutre  crevassed  in  1891  and  soon  filled  most  of  Gar¬ 
den  Island  Bay  with  sediment  (Russell,  1936).  The 
upper  half  of  the  bay  is  a  typical  example  of  normal 
delta  growth,  but  it  is  more  interesting  to  observe 
the  submarine  patterns  of  channels  and  mid-channel 
shoals  across  the  lower  half  of  the  practically  extinct 
bay,  where  sediment  accumulation  has  reduced  depths 
to  one-tenth  or  less  of  their  pre-1891  values. 

When  the  Recent  stiilstand  of  sea  level  was  ap¬ 
proached,  the  Amazon  Estuary  was  a  scenic,  deep¬ 
water  feature.  As  delta  growth  marched  downriver 
it  left  the  plain  we  see  today.  The  advance  was  so 
rapid  that  tributary  streams  were  dammed  off  and 
their  lower  courses  became  long,  triangular  lakes, 
with  narrow  bases  along  bars  or  natural  levees  at  the 
sides  of  the  master  rivers.  Depths  in  these  lakes  and 
in  the  nearby  Amazon  exceed  100  feet  far  more  often 
than  is  indicated  on  charts. 

Before  visiting  the  Amazon,  I  had  considered  the 
islands  between  Belem  and  Macapa  as  (>eiiig  delta 
lands.  In  truth,  they  are  remnants  of  Pleistocene  ter¬ 
races  that  remain  residually  between  deep  channels 
which  were  cut  or  accentuated  during  the  pre-Recent 
low  stand  of  the  oceans.  Their  shores  are  retreating 
sea  cliffs,  some  of  considerable  height,  and  their  in¬ 
teriors  contain  extensive  flats  of  dry  land  that  stand 
high  above  local  deltaic  or  flood-plain  levels.  In  al- 
mos'  all  aspects  these  islands  contrast  wnth  the  natural- 
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Fig.  2.  The  lower  Amazon  illustrates  the  development  of  a  deltaic  stream  pattern.  The  valley  is  not  typical  of  ordi¬ 
nary  flood-plain  deposition.  Instead,  the  main  channel  is  characterized  by  lenticular  islands  and  shoals  having  pat¬ 
terns  that  originated  in  the  deep  estuary  which  crossed  Brazil  a  few  thousand  years  ago.  Tributaries,  such  as  Rio 
Tapajos,  retain  enormous  depths  behind  alluvial  barriers,  deposited  by  the  Amazon,  that  almost  dam  them  off. 


levee-flanked,  lenticular  islands  upstream  which  have 
willow-covered  stream  banks  and  wet  interior  basins. 
The  maze  of  outlets  of  the  Amazon  and  Rio  Para  are 
estuaries  through  which  heavy  loads  of  sediment  are 
being  transported  to  nourish  an  extensive  submarine 
delta  that  is  forming  in  the  Atlantic. 

An  estuat  •  of  historical  interesi.  was  the  Latmian 
Gulf,  in  the  vicinity  of  Miletus,  Turkey,  described  by 
Herodotus.  It  no  longer  exists  because  the  Maeander 
(Menderes)  River  has  advanced  its  delta  across  it  for 
a  distance  of  ten  miles  during  the  last  25  centuries. 
The  filling  was  so  rapid  that  one  arm  of  the  estuary 
was  dammed  off  and  now  is  known  as  Lake  Bala,  with 
a  depth,  according  to  local  fishermen,  of  60  fathoms 
(Russell,  1954).  This  happened  so  recently  that  the 
water  is  somewhat  brackish. 

EPHEMERAL  STATUS 

My  purpose  in  describing  Lake  Atchafalaya,  the 
Amazon  deltaic  plain,  and  the  Maeander  Delta,  is  to 
emphasize  the  ephemeral  nature  of  most  estuaries. 
Few  can  survive  for  more  than  a  minute  fraction  of  a 
geologic  epoch.  If  any  considerable  volume  of  Ant¬ 


arctic  ice  melted,  it  would  rejuvenate  many  old  estu¬ 
aries  and  create  new  ones — but  this  is  not  in  prospect. 
Our  studies  indicate  a  probability  that  no  higher  stand 
of  Pleistocene  sea  level  exceeded  today’s  stand  by  more 
than  10  meters  (Russell,  1964a).  Fluctuations  in  ice 
volumes  over  Europe  and  North  America  apparently 
account  for  Quaternary  sea-level  oscillations,  while 
Antarctic  ice  volume  has  remained  fairly  constant. 
Should  the  Recent  sea  level  attain  the  highest  stands 
of  the  Pleistocene,  the  effect  on  estuaries  would  be 
slight  and  in  many  cases  insufficient  to  interrupt  ap¬ 
preciably  the  effects  of  sedimentary  filling.  The  pros¬ 
pect  of  the  Antarctic  ice  melting  completely  within 
the  next  million  years  is  negligible.  It  is  more  prob¬ 
able  that  the  Recent  will  be  followed  by  another  glacial 
stage  and  the  lowering  sea  level  will  be  accompanied 
by  the  disappearance  of  practically  all  estuaries  and 
the  erosional  entrenchment  of  rivers  crossing  their 
alluvial  deposits. 

In  summary,  neither  the  past  nor  the  future  of 
estuaries  gives  much  promise.  During  most  of  the 
earth’s  history  only  a  few  examples  have  existed,  and 
today’s  estuaries,  in  many  cases,  are  headed  for  rapid 
extinction.  Some  of  our  studies  will  have  important 
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historical  value,  just  as  has  the  faithful  description 
of  the  Latniian  Gulf  by  Herodotus,  and  in  some  cases 
this  value  will  become  significant  within  a  few 
decades.  In  short,  it  is  an  excellent  time  to  engage 
in  estuarine  research. 
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The  Latin  word  aestus  means  tide,  and  "estuary” 
is  a  tenr  applied  to  a  land  form  in  which  the  tide 
plays  an  important  role.  It  is  worthwhile  to  glance  at 
one  or  two  definitions.  The  Oxford  Dictionary  gives 
two  meanings.  The  more  modern  is :  "The  tidal  mouth 
of  a  great  river,  where  the  tide  meets  the  current  of 
fresh  water.”  The  second  is  -  are  in  modern  use:  “A 
tidal  opening,  an  inlet  or  c.eek  through  which  the 
tide  enters ;  an  arm  of  the  sea  indenting  the  land.” 
The  second  is  the  better  because  the  first  might  apply 
to  a  delta.  Webster’s  dictionary  gives  a  more  compre¬ 
hensive  meaning:  “A  passage,  as  the  mouth  of  a  river 
or  lake,  where  t.  e.  tide  meets  the  river  current ;  more 
commonly,  a  narrow  arm  of  the  sea  at  the  lower  end 
of  a  river,  a  firth.” 

Despite  the  difficulty  of  precise  definition,  most 
people  probably  agree  that  characteristically  an  estu¬ 
ary  is  trumpet-shaped  and  is  usually  the  single  mouth 
of  a  tidal  river.  There  is  no  reason,  however,  why 
an  original  single  mouth  should  not  later  be  partially 
filled  with  sediments — nor,  conversely,  why  a  broad 
distributary  of  a  delta  should  not  be  flooded  and  form 
an  estuary.  The  Rio  de  la  Plata,  the  wide  opening  be¬ 
tween  Uruguay  and  Argentina,  conforms  with  all  the 
usual  ideas  of  an  estuary:  above  Buenos  Aires,  how¬ 
ever,  there  is  a  well-defined  delta.  Is  the  Amazon 
mouth  a  delta  or  an  estuary?  Any  land  form  is  in  the 
process  of  evolution,  and  all  estuaries  have  been 
changing  in  one  way  or  another  over  considerable 
periods  of  time.  Most  people  would  agree  that  the 
Thames  reaches  the  sea  in  a  typical  estuary.  Never¬ 
theless,  there  is  a  great  deal  of  sedimentation  in  it 
and  several  true  deltaic  islands,  of  which  Canvey  and 
Foulness  are  the  best  known. 

Our  discussion  will  doubtless  range  over  many  ac¬ 
cepted  estuaries,  as  well  as  over  other  comparable 
coastal  features :  fjords,  fiards,  rias.  the  canale  of  the 
eastern  side  of  the  Adriatic,  the  firths  of  the  eastern 
coast  of  Scotland,  and  other  inlets.  In  one  sense  or 
another,  all  could  lie  made  to  fit  our  definitions,  even 
those  in  the  Mediterranean  and  other  seas  where  the 
tidal  range  is  very  small,  but  measurable.  Mill  ( 1897) 
remarked  that  the  landward  half  of  the  Firth  of  Forth, 
on  the  east  coast  of  Scotland,  is  an  estuary,  but  that 
in  the  seaward  half  the  fresh  and  salt  waters  are  so 
thoroughly  mixed  that  "the  sea  becomes  slightly  fresh¬ 
ened  through  its  whole  depth  for  many  miles  from 
land”.  This  implies  that  an  estuary  is  definable  in 
terms  of  its  hydrology. 


ORIGINS 

A  physiographer  thinks  of  an  estuary  principally 
as  a  land  form,  and  probably  as  one  that  has  had  a 
long  history.  The  present  land-sea  boundary  of  most 
estuaries  is  the  result  of  submergence.  There  is  no 
need  to  discuss  this  in  detail,  but  the  Quaternary 
eustatic  and  isostatic  changes  of  level  are  important, 
as  are  the  movements  of  more  ancient  times,  some 
of  w  Inch  may  be  connected  with  the  origin  of  sub¬ 
marine  canyons.  The  depression  which  preceded  the 
Severn  Estuary  may  date  back  to  the  Hercynian 
mountain  building,  when  a  low  area  existed  between 
high  ground  over  what  is  now  South  Wales  to  the 
north  and  Cornubia  to  the  south.  The  Triassic  and 
later  rocks  indicate  a  great  deal  of  erosion  in  the  area 
and  suggest  a  river  flowing  to  the  east,  which  in  early 
Triassic  times  formed  a  broad  estuary.  After  a  long 
period,  the  eastward-flowing  river  was  reversed,  pos¬ 
sibly  as  a  result  of  post-Cretaceous  movements,  and 
ran  between  east-west  folds  of  Tertiary  age.  There 
may  even  have  been  an  open  connection  between  the 
Severn  and  the  Thames.  Since  the  estuary  took  on 
something  of  its  present  form,  there  have  been  many 
relatively  small  changes  caused  by  erosion,  accretion, 
and  minor  changes  of  level  ( Steers,  1948). 

ESTUARIES  IN'  ENGLAND  AND  WALES 
The  West  Coast 

Let  us  now  examine  certain  estuaries  in  England 
and  Wales,  in  order  to  realize  the  wide  interests  of 
our  subject.  The  Ribble,  the  Mersey,  and  the  Dee  are 
close  together  in  Lancashire  and  Cheshire.  In  general 
form,  the  Kibble  and  Dee  Estuaries  are  textbook  ex¬ 
amples,  yet  they  are  well  on  their  way  to  becom¬ 
ing  deltas.  The  Ribble  Estuary  has  ltecn  frequently 
mapped,  and  Gresswell’s  work  on  the  Lancashire  coast 
has  shown  that  it  is  easily  traced  in  earlier  times  when 
the  Hill  House  shoreline,  correlated  with  the  so-called 
25-foot  beach  of  Britain,  was  formed  (Gresswell, 
1953).  The  Ribble  brings  down  a  great  deal  of  ma¬ 
terial,  and  the  estuary  is  fast  filling  up.  Marshes  have 
been  reclaimed  from  time  to  time:  for  example,  in 
1880  a  hank  was  built  around  New  Marsh,  and  en¬ 
closed  about  one  mile  of  land  which  had  been  re¬ 
claimed  in  50  years.  The  river  is  now  controlled  :  pre¬ 
viously  the  main  channel  reached  Lytham  and  then 
bifurcated  (Fig.  1).  The  shoals  in  the  estuary  are 
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Fig.  1.  The  Ribble,  Mersey,  and  Dee. 


rising  as  a  result  of  deposition  of  mud  and  fine  ma¬ 
terial  and  continue  to  modify  the  appearance  of  the 
estuary. 

About  20  miles  farther  south  is  the  estuary  of  the 
Dee;  in  outline  it  resembles  that  of  the  Ribble.  There 
are  traces  of  a  well-developed  post-glacial  cliff  around 
it,  and  it  is  being  rapidly  filled  with  alluvium.  The 
great  thickness  of  the  alluvium,  much  of  which  is  pre¬ 
sumably  of  marine  origin,  at  the  mouth  of  the  estuary 
is  not  necessarily  the  result  of  depression ;  it  has  l>een 
suggested  that  a  flooded  river,  opposed  by  strong 
winds,  might  well  be  able  to  cause  deposition  of  mud 
at  the  present  level  of  the  flats.  There  is  no  doubt, 
however,  that  the  Dee  alluvium  has  been  gathering 
since  at  least  the  post-glacial  depression.  It  may  reach 
60  feet  in  thickness  ami  cons'sts  mainly  of  loosely 
stratified,  silty.  quartznse,  and  fine-grained  sand  with 
occasional  seams  of  gravel.  Charts  made  in  1720  show 
that  the  lower  estuary  was  open  and  ships  could  reach 
I’arKgate  (Fig.  It.  Chester  Haven,  however,  was 
ruined  liefore  the  middle  of  the  sixteenth  century. 
Like  the  Kibble,  the  Dee  Kstuary  is  in  a  sense  becom¬ 
ing  a  delta. 

Between  the  kibble  and  the  Dee  is  another  estuary, 
the  Mersey,  very  unlike  its  neighbors.  The  Mersey 
has  a  narrow  mouth  and  widetts  inward.  Nature  has 
thus  provided  the  conditions  to  produce  natural  scour¬ 
ing  which  has  kept  it  open.  Man  has  made  great  use 
of  this  estuary ;  Liverjiool  and  Birkenhead  are  the 


main  |>orts;  there  are  others  within,  and  the  Man¬ 
chester  Ship  Canal  enters  it  at  Eastham  locks. 

The  volume  of  sediment  fluctuates  considerably  in 
the  Mersey,  and  in  the  nineteenth  century  variations 
of  as  much  as  50  million  cubic  yards  were  noted.  They 
oscillated  about  a  mean  value,  and  the  changes  took 
place  in  about  five  years.  In  1906,  however,  there  was 
a  loss  of  about  90  million  cubic  yards.  The  Upper 
Mersey  Navigation  Commissioners  have  made  a  series 
of  maps  covering  each  month  since  1867,  showing  the 
changes  of  the  main  channel.  Up  to  1891  these 
changes  were  fairly  regular,  but  after  that  year  the 
channel  stayed  on  the  Lancashire  side.  Experiments 
made  in  a  model  of  the  estuary  demonstrated  that  the 
shifts  in  the  channel  in  the  upper  estuary  decreased 
when  its  capacity  lessened,  as  a  result  of  siltation. 
Experiments  in  the  estuary  itself  have  been  ntade  with 
radioactive  tracers,  which  confirmed  that  density  cur¬ 
rents  hel[>ed  the  upstream  movements  of  materials  in 
the  layers  near  the  bed,  and  proved  that  the  principal 
source  of  the  material  was  in  the  numerous  sandbanks 
behind  the  West  Crosby  revetment  outside  the  mouth 
of  the  estuary.  It  was  also  demonstrated  that  material 
dredged  from  the  upper  estuary  and  dumped  behind 
the  Great  Burbo  Bank  was  later  taken  back  to  its 
place  of  origin  (Hydraulics  Research  Station.  1958). 

Ptolemy’s  map  of  this  part  of  Great  Britain  shows 
only  two  inlets,  and  many  papers  have  trier!  to  prove 
that  in  Ptolemy’s  time  the  Mersey  did  not  exist  (Fig. 
2).  The  Romans  had  stations  on  the  Ribble  and  the 
Dee,  but  their  writings  do  not  mention  the  Mersey. 
The  estuary  named  Belisama  is  usually  assumed  to 
correspond  to  the  Ribble,  and  Seteia  to  the  Dee.  It 
has  been  argued  that  slow  post-Roman  subsidence  of 
a  low  marshy  area,  such  as  surrounded  (before  mod¬ 
ern  development)  the  lower  Mersey,  might  have  pro¬ 
duced  an  estuary.  But  any  attempt  to  equate  inlets 
on  Ptolemy’s  map  with  those  on  a  modem  one  is  not 
really  worthwhile  since  his  map  is  too  highly  gen¬ 
eralized. 


Fig.  2.  Ptolemy's  map  of  the  British  Isles. 
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The  East  Coast 

On  the  east  coast  of  England  there  are  several 
estuaries  which  vary  greatly  in  appearance.  It  is 
appropriate  to  consider  together  the  Humber  and  the 
Washh— in  one  sense  the  combined  estuary  of  the 
Welland,  Nene,  and  Great  Ouse  (Fig.  3).  Both  the 
Humber  and  die  Wash  breach  the  chalk,  although 
formerly  the  chalk  of  Norfolk  and  Lincolnshire  was 
continuous.  Before  complete  breaches  were  made  the 
rivers  flowed  through  narrow  valleys  in  the  chalk  to 
a  North  Sea  somewhat  more  distant  than  that  of  to¬ 
day.  In  the  Wash  there  is  a  belt  of  deep  water,  Lynn 
Deeps,  which  may  mark  the  former  combined  channel 
of  the  three  rivers.  The  Wash  and  Humber  Estuaries 
were  gradually  widened  by  erosion  and  subsidence 
until  the  sea  burst  through  the  gaps  and  flooded  the 
lowlands  within.  Today,  landward  of  both  estuaries, 
we  have  extensive  fenlands  which  are  now  nearly  all 
reclaimed. 

We  can  trace  the  history  of  these  areas  in  great 
detail  as  a  result  of  the  meticulous  work  of  archaeolo¬ 
gists,  botanists,  geographers,  and  historians.  In  the 
East  Anglian  Fenland  there  are  two  deposits  of  peat 
separated  by  the  blue  buttery  clay — clear  evidence  of 
an  inbreak  in  the  sea.  The  seaward  parts  of  the  Fens 
are  formed  of  marine  silt ;  the  peat  fens  are  farther 
inland.  The  former  gulf,  or  estuary,  reached  almost 
to  Cambridge,  Peterborough,  and  Lincoln.  The  pres¬ 
ent  Wash  may  be  regarded  as  the  unfilled  portion  of 


Fig  3,  The  Wash  awl  adjacent  tens. 


Fig.  4.  Rate  of  advance  of  saltings  at  Butterwick 
(Based  on  Inglis  and  Kestner,  1958).  Figures  on  the 
graph  show  the  rate  of  advance  in  feet  per  10  years.  The 
straight  line  on  the  right  shows  the  mean  rate  of  advance 
of  saltings  as  calculated  from  core  sampling  experiments 
The  dotted  line  in  the  graph  indicates  the  Witham  outfall 
cut,  completed  in  1884. 

this  great  gulf.  Some  recent  measurements  (Inglis 
and  Kestner,  1958)  show  how  rapidly  silting  takes 
place  (Fig.  4).  The  horizontal  growth  of  45  feet  per 
ten  years  between  1828  and  1871  increased  to  136  feet 
per  ten  years  between  18i>7  and  1903;  between  1903 
and  1917-1918  it  rose  to  350  feet  per  decade,  and  later 
dropped  to  170  feet  per  ten  years  between  1917-1918 
and  1952.  Similar  changes  have  been  measured  near 
the  Nene  mouth  and  elsewhere.  Careful  estimates 
were  also  made  of  the  rates  of  vertical  accretion  of 
silt;  at  Wingland  a  mean  rate  of  rather  more  than 
three  inches  a  year  occurred;  this  was  more  than 
twice  as  fast  as  that  at  Butterwick.  It  was  found  that 
engineering  works  cause  greater  de|K>sition,  cither  be¬ 
cause  they  reduce  the  volume  of  flow  or  dissipate 
energy  as  a  result  of  altering  the  natural  flow,  al¬ 
though  they  were  built  in  connection  with  outfall 
problems  of  the  rivers  and  not  to  encourage  accretion. 
In  all  cases  the  sediment  is  of  marine  origin 
The  Humber  is  narrower  than  the  Wash,  and  is 
perhaps  the  muddiest  of  our  rivers  (  Fig.  5).  Its  fen¬ 
lands  are  not  quite  so  extensive  as  those  of  the  Wash 
although  they  extend  north  and  south  along  the  val¬ 
leys  of  the  Ouse,  Trent,  and  Anchohne.  Recent  work 
has  shown  that  in  the  Anchohne  Valley  the  general 
sequence  of  deposits  is  similar  to,  but  not  the  same 
as,  that  in  the  East  Anglian  fens.  Near  the  Humber, 
submergence  t>cgan  early  in  the  Iron  Age,  and  there 
has  been  some  differential  movement  lx- tween  the 
Humber  and  the  Wash  (Smith  1958).  The  main  dif¬ 
ferences  between  the  two  areas  arc  apparent  in  Figure 
6.  In  the  Humber  itself  there  have  been  extensive 
reclamations  at  Broomfleet  and  Sunk  Islam),  and  the 
entrance  is  obstructed  by  the  growth  of  the  sand  fore- 


land  of  Spurn  Head.  In  both  the  Humber  and  the 
Wash  the  inud  and  other  deposits  are  gradually  cov¬ 
ered  by  salt  marsh  plants  after  the  shoals  have  grown 
sufficiently  high.  The  full  study  of  these  and  other 
estuaries  involves  (1)  their  geological  and  archae¬ 
ological  past,  (2)  their  present  relations  to  both  flu¬ 
vial  and  marine  agencies,  (3)  a  study  of  their  ecology, 
and  (4)  the  effects  of  engineering  works.  There  are 
buried  channels  in  the  Humber  and  other  estuaries  on 
the  east  of  England  which  were  created  in  the  Ice 
Age.  when  boulder  clay  fillet!  a  wide  estuary  that  de¬ 
bouched  into  the  North  Sea.  Directly  east  of  the  pres¬ 
ent  Humber  gap.  a  trumiict-sha|>ed  mouth  was  formed 
through  the  chalk.  This  and  other  buried  channels 
indicate  changes  of  the  relative  levels  of  land  and  sea. 
and  may  lie  related  to  sea-bottom  features  farther  out 
in  the  North  Sea. 

The  estuaries  of  the  east  coast  south  of  Yarmouth 
present  many  points  of  interest  (Fig.  7a  1.  In  Romano- 
British  times,  and  probably  up  to  the  early  Medieval 
period,  there  was  open  tidal  water  up  the  Rivers  Ant. 
Bure,  Yare,  and  Waveney.  Norwich  stood  tin  an  arm 
of  the  sea.  Few  areas  better  illustrate  the  interrela¬ 
tion  of  physical,  ecological,  and  human  factors.  The 
firvt  major  investigation  of  these  rivers  was  made  by 
Jennings  ( 1952)  shortly  after  World  War  II,  ami 
completed  later  by  Jennings  rt  aJ.  (1960).  Jennings 
established  the  sequence  of  deposits  in  the  valleys  by 


means  of  bores  and  pollen  analysis.  These  are  shown 
in  Figure  7b,  and  indicate  a  sequence  not  unlike  that 
ir.  the  fens  of  the  Humber  and  the  Wash ;  but  there 
are  significant  differences.  The  formerly  open  valleys, 
probably  interglacial  in  age,  have  been  filled  by  clays 
and  peats,  so  that  today  the  only  open  part  of  the 
original  estuary  is  Breydon  Water  behind  Great  Yar¬ 
mouth.  The  glacial  sequence  of  this  part  of  East  An¬ 
glia  is  still  uncertain,  and  the  rivers  may  conceivably 
follow  pre-glacial  courses,  even  if  they  owe  their 
present  general  outline  to  later  events.  Altliough  we 
are  concerned  with  the  valleys  as  former  estuaries, 
it  may  lie  noted  that  the  Broads,  small  lakes  which 
occur  m  the  valleys  altliough  separated  from  the  rivers 
by  roods  ( narrow  hanks  of  peat  carrying  an  aquatic 
vegetation  ).  are  artificial  in  origin ;  they  are  Medieval 
peat -diggings. 

The  silting  up  of  the  valleys  was  partly  the  result 
of  incursions  of  marine  clay  and  partly  because  peat 
flourished  during  regressive  phase*.  At  the  joint 
mouth  of  the  rivers,  coastal  drift,  which  is  here  di¬ 
rected  u»  tlie  south.  Its]  fiist  to  the  formation  of  a 
sandbank  on  which  the  earliest  settlement  of  Great 
Yarmouth  was  nude,  and  later  to  the  junction  of  this 
hank  with  Etegg  ( i.e..  the  north  side  of  the  mouth  of 
the  estuary  ).  The  southern  entrance,  however,  re¬ 
mained  open.  The  change*  in  the  length  and  form  of 
the  spit  of  sand  which  first  obstructed  and  later  de- 
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l  ij  ft  clurl  <4  ilrp»H*  in  ihr  llontri 

ml  Kj»l  \nglun  knUnli  >  !b<rl  ■«  \  <>  Ssiih) 


iVetrd  ihr  mo  m*k<-  a  4ul)  m  ihnmftm  Die 
jwrwnl  bthnr  tfllranc"'  at  lirrat  Virnwith  wa»  rs- 
lahliOtnl  in  I  V<i  Snrnf  rrernl  work  nh  certain  dr 
|«ntti  (t«ind  in  this  >|iil.  whrn  (nr  tHr  nr» 

rlectriritv  {tkI  «n  •  lnn|  built,  make  it  pniuMr  that 
the  later  history  «t  rrlatnc  mmnnmli  of  land  in  pi»»t- 
Homan  timet  Ka»  hern  more  omipl’C-iIni  than  thmn 
in  Kiptrr  7b  it  item  and  llotrhinwm.  IHtdli 

Farthrr  south  there  are  team  tmall  hot  beautiful 
n'.iries  of  which  the  more  important  are  the  Able. 


I)ehcn,  Orwell,  Stour,  and  Blackwater.  The  m.ithern 
ones  are  |»rtly  blocketl  by  sand  or  shingle  spits,  and 
all  are  out  of  proportion  to  the  rivers  which  drain 
into  thent.  All  owe  much  of  their  present  general 
form  to  submergence,  hut  their  origins  are  not  ntces- 
sarily  the  same.  The  Aide,  Delien.  Orwell.  Stour,  and 
Colne  are  rivers  in  their  own  right,  and  were  almost 
certainly  modified  by  ice.  The  lower  |iarts  are  in  areas 
of  sand  ami  gravel  and  some  clay,  all  of  which  are 
non-resistant  to  erosion,  and  the  country  is  Hat  and 
seldom  more  than  100  feet  above  sea  level.  It  is  |k>s- 
sible  that  at  one  time  the  estuaries  marked  the  sites 
of  sub-glacial  valleys,  and  that  they  were  deepened 
in  part  by  sub-glacial  waters  under  high  pressure. 

The  Blackwater  is  out  of  proportion  to  the  streams 
draining  into  it.  and  inland  from  it  there  is  a  belt  of 
low  ground  running  through  Kssex.  To  the  nonb 
of  this  belt  there  is  more  or  less  continuous  high 
ground,  but  to  the  south  the  country  is  more  broken. 
It  is  generally  believed  that  this  belt  rqircsents  a 
former  line  of  the  Thames.  The  Blackwater  exit  could 
not  have  remained  open  during  the  major  glaciation 
of  the  area,  and  we  may  conclude  that  the  position  of 
the  present  mouth  of  the  Thames,  no  less  than  that  of 


Fig  7  The  Rrcatdt  and  Mtm  Kanwneth 
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its  present  course  through  London,  reflects  the  effects 
of  glacial  diversion  (YVoolridge  and  Linton,  1955). 
It  is  significant  that  during  the  accumulation  of  its 
"100-feet”,  "50-feet",  and  later  alluvia,  the  Thames 
swung  northward  in  the  vicinity  of  the  present  coast¬ 
line  towards  the  region  of  its  old  mouth. 

The  Thames 

The  implication  of  this  is  that  the  present  estuary 
of  the  Thames  is  conifiaratively  recent.  The  general 
position  of  the  lower  Thames  depression  was  deter¬ 
mined  l>>  the  earth  movements  which  produced  the 
laindon  llasin,  prohahly  in  pre-Koccne  times.  Kartli 
movements  during  the  mid-Tertiary  modified  its  de¬ 
tails,  Iwt  not  its  major  outline.  The  Miocene  was  a 
period  of  quiescence  as  far  as  tectonic  movements 
were  concerned.  In  Diestian  times  the  Irasin  was 
filled  by  tire  sea.  and.  since  the  beds  of  this  age  are 
not  war|>ed.  it  is  assumed  that  there  was  no  further 
tectonic  movement  during  the  Pleistocene.  The  basin 
is  thus  both  a  stratigraphic  and  a  tectonic  unit,  and 
vVoolridge  (1926|  summarized  its  history  in  three 
stages:  (1)  the  syncline  grew  s|>asmodical!y  from 
small  beginnings  and  maintained  throughout  its  growth 
the  same  major  features  of  form  and  structure;  <2 1 
tire  successive  phases  of  deejrening  coincided  with,  and 
arc  to  Ire  regarded  as  the  cause  of,  the  several  tem¬ 
porary,  incursions  of  the  sea;  and  (3)  the  syncline 
was  drained  throughout  by  a  consequent  longitudinal 
river  system. 

The  Thames  Kstuary  today  offers  several  problems 
of  great  interest.  It  is  in  that  part  of  Itritain  which 
is  slowly  sinking,  relative  to  sea  level.  This  is  the 
combined  effect  of  a  downward  isostatic  movement 
and  a  very  snail  eustatic  rise  of  sea  level  as  a  result 
of  the  melting  of  the  |«>hr  ice.  The  slow  sinking  has 
been  continuous  (not  necessarily  at  the  same  rate) 
from  early  Ileistocene  times.  It  is  illustrated  in  the 
super  imposition  of  Kimun  on  Iron  Age  and  Bronze 
Age  remains  in  certain  localities  ;n  the  Lower 
Tlintncs ;  by  live  occurrence  of  Konun  remains  now 
below  mean  sea  level  in  central  laKtdan ;  and  by  the 
gradual  racing  of  the  tanks  along  the  estuary  from 
Medieval  or  earlier  times.  Today  the  measurements 
of  sea  level  maile  by  tidal  records  indicate  that  tlie 
movement  continues  This  may  soon  have  a  practical 
effect :  a  time  may  come  when  adjustments  must  he 
made  to  the  level  of  dock  sills,  and  a  Thames  harrage 
will  he  a  necessity. 

In  tlie  Thames  and  in  the  Yare  at  ('.real  Yarmouth 
some  interesting  effects  on  the  regime  of  estuaries 
were  prmluced  by  alterations  in  bridges.  The  present 
bridge  at  ( treat  Yarmouth  allows  greater  access  of  the 
tide  than  did  its  predecessor,  and  thu  effect  i*  felt 
thrnugliout  the  (triads.  A  tidal  lock  has  hem  sug¬ 
gested  at  (.real  Yarmouth,  ami  if  it  were  built  the 
ehminattun  of  tidal  rise  and  fall  would  have  far-reach¬ 
ing  |4iy  sical  and  bmlsqpcal  results  lamdon  Bridge, 
built  in  1K32.  replaced  an  old  bridge  of  19  arches  ami 
a  drawbridge,  built  in  the  reigti  of  King  John  i  1199- 
iJ! 5  i  The  longest  span  was  only  JO  feet  This  struc¬ 


ture  had  a  great  effect  on  the  tides,  and  after  its  re¬ 
moval  the  tidal  range  at  and  above  lxmdon  was  in¬ 
creased  up  to  25  fiercent.  “The  increase  in  discharge 
caused  liv  the  removal  of  the  bridge  altered  the  regime 
of  the  whole  estuary.  Upstream  of  the  old  bridge, 
rapid  deetiening  of  the  channel  took  place  to  such  an 
extent  that  two  or  three  other  bridges  were  endan¬ 
gered.  Downstream  the  effects  tapered  off,  but  must 
lave  licen  (icrceptiMe  as  far  as  Woolwich  Reach  and 
the  Mud  Reaches"  ( Inglis  and  Allen,  1957). 

The  Thames  is  one  of  the  busiest  rivers  in  the  world 
and  needs  constant  dredging.  Kxperiments  with  a 
radioactive  trnerr  ( Scandium-Mi  I  were  ntatle  in  1955. 
The  tracer  material  was  |>ut  down  26  miles  below 
London  Bridge  in  an  area  where  accretion  does  not 
occur.  Detectors  found  traces  of  activity  as  far  as  ten 
miles  downstream  the  same  day.  It  was  later  proved 
that  this  tracer  nuverial  moved  hoth  up-  and  down¬ 
stream  and  was  detected  U|istream  in  reaches  where 
there  is  a  known  net  landward  movement  of  water 
close  to  the  bed  (  Hydraulics  Research  Station,  1956). 
Much  of  the  material  dredged  from  the  Thames  was 
duni|ied  in  the  Black  Deep,  far  down  the  estuary, 
where  it  was  assumed  it  would  lie  carried  seaward : 
but  a  considerable  amount  was  swept  back  up  the 
estuary.  The  only  way  to  get  rid  of  it  entirely  is 
either  to  dump  it  on  land  or  take  it  well  out  to  sea. 
The  problem  is  similar  to  tlut  of  the  Mersey. 

The  Soitii  Coast 

On  the  south  coast  of  Kn gland,  in  Sussex,  there  are 
severai  snail  streams  which  cut  through  the  tidge  of 
the  South  Downs  ami  are  obstructed  by  shingle  liars 
which  were  built  up  by  littoral  drift  ( Kig.  H).  The 
profile?  of  these  rivers  arc  unusual.  Kirkaldy  and  Bull 
1 1940 »  have  shown  that  there  are  two  distinct  parts 
in  each  profile :  a  flat  lower  portion,  and  a  steeper 
one  upstream  which  is  graded  to  a  level  below  that 
of  the  present  sea.  Kxcept  for  three  cases  which  can 
be  related  to  variations  in  the  resistance  of  the  rocks, 
the  upper  profiles  show  breaks  which  arc  assumed  to 
he  rejuvenation  heads  working  u|»trram  as  a  result  ol 
changes  in  sea  level  Tlie  buried  channels  are  prohahly 
graded  to  It)  or  1U0  feet  below  sea  level.  But  the  A  run 
and  ihc  Kutlver  show  that  the  present  flood  plain  is 
enclosed  in  a  shallow,  distinct  trough,  about  100  yards 
wide,  locally  bordered  by  a  low  terrace.  Trough  and 
terrace  are  undoubtedly  the  result  of  a  recent  down- 
cutting  in  the  old  flood  plain— hut  why  has  this  hap¬ 
pened  in  only  two  of  tlie  rivers’  Kirkaldy  and  Bull 
considered  various  hypotheses  and  concluded  that  the 
increased  rrosim  was  the  result  of  great  runoff  in 
the  headwaters  of  the  rivers  following  the  clearing 
of  the  ancient  forest  of  .Voder ids.  All  these  small 
rivers  were  far  more  open  m  Medieval  times;  the 
great  bridge  at  Bramhcr  is  out  of  all  proportion  to  the 
present  stream  of  the  Vdur.  In  short,  they  are  all 
small  upm  tidal  mktv  and  their  present  appearance 
results  frwn  oscillations  of  sea  level,  silting,  littoral 
drill,  and  the  peculiar  circumstances  which  apply  to 
the  Anns  and  Rather.  Bui  should  a  river  mouth  of 


106 


ESTUARIES :  CtOVOtPKOLOCY 


Fig.  8.  The  Sussex  river*  and  the  gap*  through  the  South  Duwru. 


this  type  be  called  an  estuary?  When  the  sea  level 
was  higher,  these  mouths  must  have  been  close  to  the 
gaps  cut  through  the  South  Downs.  They  are  cer¬ 
tainly  not  rias.  and  perhaps  it  is  fortunate  that  the 
dictionaries  already  quoted  do  not  specify  any  par¬ 
ticular  origin,  because  the  definitions  easily  include 
the  former  and  present  outlets  as  estuaries. 

WIND  AND  WANT.  ACTION 

An  estuary  is  part  of  the  coast,  and  the  ordinary 
processes  of  erosion  and  accretion  ar»  at  work.  Since 
estuaries  may  be  more  sheltered  tha.i  tlie  open  coast, 
accretion  is  usually  more  noticeable  than  erosion,  but 
much  depends  on  the  relation  of  the  estuary  to  wind 
and  wave  action.  In  the  Ijower  Thames,  for  examine, 
the  Kent  coast  received  severe  damage  in  the  great 
storm  surge  of  I95J.  In  eastern  Kngland  the  winds 
were  a  little  west  of  north,  and  consequently  north 
Kent  and  the  northeastern  comer  of  the  Wash  suf¬ 
fered  severely.  The  damage  was  extreme  because  the 
surge  had  caused  a  rise  of  ahout  six  feet  in  water 
level,  and  waves  of  greater  sire  than  normal  were  at¬ 
tacking  cliffs,  embankments,  or  masonry  structures  at 
an  unusually  high  level  i  Steers.  I9JJ).  Since  estu¬ 
aries  are  usually  narrow  upstream.  Hooding,  damage 
to  tanks,  and  ponding  tuck  rivers  may  all  came  Hood¬ 
ing  ui  Hat  country  well  away  from  the  wa. 

In  conditions  of  storm  and  surge  the  common 
processes  at  work  on  any  coast  are  ad  speeded  up 
Reach  material  is  often  swept  inland,  and  beaches 
then uelves  are  combed  down,  exposing  the  underlying 
rock  The  rise  and  fall  of  thr  water.  a»  distmrt  from 
wave  action,  may  have  relatively  small  efforts.  The 
salt  marshes  along  the  east  tout  of  Kngland  were 
mundated  m  I9U  to  much  greater  dryeht  than  usual 


but  suffered  no  ill  effects,  but  the  dune  ridges  sur¬ 
rounding  some  of  them  suffered  severely.  Carney 
Island,  on  the  Essex  shore  of  the  1  ..antes,  was  flooded, 
not  because  the  main  walls  facing  the  Thames  gave 
way.  but  because  the  water  forced  itself  up  a  narrow 
creek  behind  Carney  at  tit  ieJ  to  breaches  in  earth 
hanks.  These  hanks  had  been  neglected  because  no 
one  expected  danger  from  that  direction. 

Because  accretion  of  silt  and  mud  often  takes  place 
readily  in  estuaries,  they  art  excellrr.i  places  in  which 
to  study  the  interactions  of  physiographical  and  eco¬ 
logical  processes.  The  plants  which  are  able  to  cok>- 
mir  mud  and  sand  hanks  are  adapted  both  to  the 
nature  of  the  substratum  l  nvti  sand )  and  to  tin 
number  of  tidal  inundatum*  th  y  umlergo  in  a  lunar 
cycle  or  longer  period.  The  ei  ihoration  of  this  sub¬ 
ject  would  occupy  too  much  space  in  this  paper,  but 
it  is  a  matter  of  the  first  importance  in  the  investiga¬ 
tion  of  an  estuary.  Kith  from  the  purely  natural  point 
of  view  and  from  that  of  land  reclamation  or  sea 
defense. 

The  transitional  nature  of  estuaries  cannot  he  over 
emphasised  They  are  not  only  transitional  as  physi 
ngraphicai  forms,  lot  they  also  mark  the  change  from 
purely  fluvial  to  entirely  marine  action  They  are  alto 
transitional  in  time:  there  are  the  very  long-term 
changes  that  have  characterised  the  Severn  and 
Thame* :  the  much  shorter  changes  that  can  he  mew* 
urrd  in  glacial,  archaeological,  ami  historical  times : 

fvd.  bratiy.  the  many  Uvea!  ho*  significant  change* 
that  are  taking  place  today— changes  which  are  fre¬ 
quently  brought  about  by  the  direct  intervention  of 
man.  Our  nsct-essor*  may  soon  have  to  take  far  move 
drastic  action :  the  Delta  plan  in  Holland  is  perhaps 
only  a  pointer  to  what  may  happen. 
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The  Ontogeny  of  a  Sait  Marsh  Estuary 

ALFRED  C.  RFDFIELD 

Woods  Hole  Oceanographic  Institution.  Woods  Hole,  Massachusetts 


“There  is  no  other  case  in  nature,  sa1  <  i  the  coral 
reefs,  where  the  adjustment  of  organic  relations  to 
physical  conditions  is  seen  in  such  a  beautiful  way  as 
the  balance  between  the  growing  marshes  and  the  tidal 
streams  by  which  they  are  at  once  nourished  and  worn 
away.”  (Shaler,  18bd). 

The  existing  peat  of  tidal  marshes  preserves  a 
record  of  the  conditions  which  existed  when  the  peat 
was  deposited.  This  paper  is  an  attempt  to  recon¬ 
struct  the  history  of  the  development  of  a  typical  New 
England  salt  tr.arsii  and  of  the  estuary  which  it  occu¬ 
pies.  The  principal  factors  which  interact  to  determine 
the  development  of  the  marsh  appear  to  be  the  range 
of  tide,  the  physiology  of  the  plants  which  produce 
the  peat  in  relation  to  tide  levels,  the  process  of  sedi¬ 
mentation  on  open  tidal  flats  and  within  the  stands 
of  plants,  and  the  changing  level  of  the  sea  relative 
to  the  land. 

The  basis  for  the  interpretation  of  the  conditions 
found  in  the  peat  was  developed  independently  by 
Chapman  ("I960)  and  myself  (Redfield.  1959),  and 
grew  out  of  ,  n  attempt  to  reconcile  observations  of 
Shaler,  Mudg  md  others.  Shaler  (1886)  concluded 
that  a  barren  .,,ope  would  become  vegetated  near  the 
high-water  level  by  a  group  of  plants  which  can  with¬ 
stand  limited  submeigence.  In  the  New  England 
marshes  these  include  Spartina  patens,  a  dwarf  form 
of  S.  altcrniflora,  Distichlis  spicata.  and  some  others. 
The  peat  they  produce  will  be  referred  to  as  high 
mai  sh  peat.  The  intertidal  slope  would  become  cov¬ 
ered  with  S.  altcrniflora,  locally  known  as  “thatch”, 
which  grows  down  from  the  high-water  level  through 
nearly  two-thirds  of  the  tidal  range.  The  lower  limit 
of  .S',  altcrniflora  is  (piite  definite  and  will  he  referred 
to  as  the  thatch  line.  The  accumulation  of  sediment 
within  the  stand  of  .V.  alternifora  builds  up  a  layer  of 
intertidal  peat  until  the  high-water  level  is  reached, 
when  high  marsh  vegetation  succeeds  it  and  a  layer 
i  f  high  marsh  pent  is  formed  covering  the  intertidal 
peat.  Mudge  (1858)  had  pointed  out  that  peat  was 
found  in  *hc  Lynn  marshes  at  depths  wh  ch  greatly 
exceed  those  at  which  the  salt  marsh  plants  can  grow, 
.and  considered  this  to  he  evidence  of  subsidence — that 
is,  to  a  rise  in  sea  level  relative  to  the  land.  The 
effects  of  these  processes  on  the  structure  of  peat  was 
discussed  by  Johnson  (  1**25). 

If  sea  level  rises  subsequent  to  the  initiation  of  the 
marsh,  the  bordering  upland  will  become  submerged 
and  covered  with  a  layer  of  high  marsh  peat.  If  at 


the  same  time  sediment  accumulates  in  the  area  be¬ 
yond  the  thatch  line  at  a  rate  as  great  as,  or  greater 
than,  the  rise  in  sea  level,  the  intertidal  marsh  will 
grow  out  over  the  rising  surface  of  the  flat  to  such  an 
extent  that  the  thatch  line  retains  its  critical  elevation 
relative  to  the  rising  high-water  level.  Meanwhile, 
high  marsh  will  extend  over  the  intertidal  peat  as  far 
as  the  intertidal  marsh  has  built  up  to  the  high-water 
level. 

Accordingly,  an  ancient  marsh  should  consist  of 
high  matsh  pe.w  increasing  in  depth  from  the  upland 
to  the  site  of  the  original  high-water  line  and  should 
he  underlain  bv  the  surface  of  the  submerged  upland. 
Beyond  this  point  the  subsurface  should  consist  of 
sedimentary  deposits  which  slope  upward  away  from 
the  upland.  These  deposits  should  he  covered  by  a 
layer  of  intertidal  peat  of  a  thickness  equal  to  the 
critical  depth  of  the  thatch  line.  Over  the  intertidal 
peat,  high  marsh  peat  will  occur  as  a  wedge  decreasing 
in  thickness  toward  the  outer  margin  of  the  marsh 
(Fig.  1).  This,  a  highly  idealized  picture,  may  be  ex¬ 
pected  to  apply  only  if  sedimentation  occurs  at  a  rate 
as  great  as,  or  greater  than,  the  rise  in  sea  level,  and 
if  development  is  not  interrupted  by  episodes  of  ero¬ 
sion  and  redeposition.  Johnson  (1925)  describes 
many  cases  in  which  the  structure  of  stilt  marsh  peat 
cannot  he  interpreted  so  simply. 

This  hypothesis  has  been  applied  io  reconstructing 
the  development  of  the  salt  marsh  at  Barnstable, 
Massachusetts.  The  estuary  in  which  the  marsh  lies 
is  hounded  on  the  south  by  the  upland  of  the  Sand¬ 
wich  moraine.  It  is  protected  to  t,  e  north  from  Cape 
Cod  Bay  by  a  sand  spit,  Sandy  Neck,  six  miles  in 
length,  which  appears  to  have  grown  eastward  from 
an  anchor  point  provided  by  an  outlying  moraine, 
Scorton  Neck  (Figs.  2  and  3F).  About  half  the  en¬ 
closed  <  rea  is  occupied  by  salt  marsh,  of  which  nine- 
tenths  has  developed  to  the  high  marsh  condition. 
The  open  areas  are  occupied  by  sand  flats  drained  by 
shallow  channels  at  low  tide  (.'.vers.  1959).  Evidence 
of  former  exposure  of  the  upland  shore  to  the  open 
sea  is  provided  by  a  prominent  sea-cut  cliff  at  Calves 
Pasture  Point  (\Voodwnrth  and  Wigglesworth.  1**34) 
and  by  a  similar  cliff  on  the  eastern  end  of  Scorton 
Neck  inside  the  base  of  Sandy  Neck.  The  latter 
descends  18  feet  below  the  marsh  surface,  reflecting 
the  rise  in  sea  level  since  it  was  originally  cut.  A 
series  of  sand  hills  submerged  in  the  marsh  along  the 
western  part  of  the  sand  pit  also  provides  evidence  of 
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Fig.  1.  Development  of  a  typical  New  England  salt  marsh  with  rising  sea  level  and  continued  sedimentation. 


rising  sea  level  (Figs.  3 A  and  B),  as  do  submerged 
deposits  of  freshwater  peat  and  tree  stumps  in  several 
places. 

The  entire  marsh  has  been  sounded  with  a  rod  in 
sufficient  detail  to  establish  the  major  topography  of 
the  substratum  on  which  it  rests.  Supplementary  in¬ 
formation  was  obtained  by  coring  A  contour  map 
constructed  ftom  the  soundings  (Fig.  2)  shows  the 
following  features : 

1.  Along  the  south  side  of  Sandy  Xeck  the  depth 
of  peat  decreases  progressively  eastward,  indicating 
the  more  recent  development  of  the  marsh  as  the 
sand  spit  grew.  Five  shallow  tongues,  which  are  at¬ 
tributed  to  terminal  hooks  that  marked  temporary 
interruptions  of  the  growth  of  the  spit,  extend  across 
the  marsh  along  the  eastern  part. 

2.  Along  the  upland  margin  of  the  marsh,  the 
depth  contours  suggest  a  relief  similar  to  that  of  the 
adjacent  upland.  The  depths  increase  to  a  series  of 
basins  of  maximum  depth  not  far  from  the  margin. 
The  soundings  usually  encountered  soft  peat  at  all 
depths  to  a  subsurface  containing  gravci,  stones,  or  a 
hard  Iwttom.  Deeper  basins  are  also  found  along  the 
western  part  of  the  marsh  bordering  Sandy  Xeck. 

3.  In  the  central  part  of  the  marsh  the  relief  is 
relatively  low.  The  depths  of  peat  decrease  toward 
the  larger  creeks  which  occupy  broad  areas  with 
depths  less  than  12  feet.  The  peat  usually  becomes 


more  compact  within  five  or  six  feet  of  the  sub¬ 
stratum,  indicating  intertidal  peat  of  high  mineral 
content.  The  substratum  is  usually  sandy. 

The  block  diagram  (Fig.  4)  shows  the  morphology 
more  clearly.  The  deep  trough  along  the  margins 
and  the  thinning  of  the  peat  toward  the  major  creeks 
and  open  water,  and  in  the  easterly  direction,  is  seen 
in  the  vertical  sections.  Block  A  shows  a  vertical  sec¬ 
tion  at  the  head  of  the  mar  h,  where  the  peat  was 
formed  by  the  flooding  of  an  upland  valley  which  had 
not  been  previously  invaded  by  marine  sediments. 

These  general  features  are  in  accordance  with  the 
expectations  raised  by  the  hypothesis.  As  a  further 
test,  a  series  of  cores  was  collected  across  the  marsh 
from  the  upland  to  one  of  the  major  creeks  to  examine 
the  relation  of  high  marsh  peat,  intertidal  peat,  and 
composition  of  the  substratum.  The  water  content 
provides  an  objective  criterion  of  the  character  of  the 
deposits,  it  lieing  found  that  high  marsh  peat  contains 
more  than  60  percent  water  (usually  more  than  70 
percent),  intertidal  peat  between  60  and  30  percent, 
and  the  unvegetated  substratum  less  than  30  percent. 
Figure  5  shows  the  water  content  of  the  series  of 
cores.  Its  distribution  confirms  the  expected  structure. 

The  extent  of  the  marsh  as  it  existed  in  the  past  has 
been  reconstructed  from  the  contoui  map  of  depths 
of  peat  (Fig.  2)  by  applying  the  following  rules: 
( 1 )  The  time  at  which  mean  high  water  reached  any 


Fig.  2.  The  Barnstable  Estuary,  showing  the  distribution  of  depth  of  peal  in  the  high  marsh.  Contour  intervals,  6  feet. 
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Fig.  4.  block  diagram  showing  the  depth  of  peat  along  sections  across  the  marsh  at  Barnstable. 


given  elevation  as  sea  level  rose  was  established  by 
Redfield  and  Rubin  (1962)  by  carbon- 14  dating  of 
samples  of  peat  collected  at  various  depths  at  posi¬ 
tions  where  the  upland  was  covered  by  high  marsh 
peat.  They  concluded  that  the  mean  high-water  level 
has  risen,  relative  to  the  land,  at  an  average  rate  of 
3.3  X  10~3  feet  per  year  during  the  last  2,1(X)  years. 
Prior  to  that  time  the  average  rate  of  rise  was  10  X 
10  3  feet  per  year  extending  back  for  at  least  3.700 
years.  (2)  The  position  of  the  inner  margin  of  the 
marsh,  where  it  met  the  upland  or  the  sand  spit,  is 
given  by  the  depth  contour  corresponding  to  the  time 
in  question.  (3)  The  position  of  the  outer  margin  of 
the  marsh  where  it  met  bare  flats  is  given  bv  the 
depth  contour  which  exceeded  that  of  the  inner  mar¬ 
gin  by  the  critical  depth  of  the  thatch  line.  This  depth 
was  determined  to  be  approximately  six  feet  by  meas¬ 
uring  the  elevation  of  a  sand  flat  on  which  a  vegeta¬ 
tion  of  5'.  altcrniflora  became  established  while  under 


observation,  controlled  by  tide  gage  measurements 
which  fixed  the  local  elevation  of  mean  high  water. 
1 4 )  The  position  of  the  outer  limit  of  high  marsh  is 
given  by  the  depth  contour  nine  feet  below  the  level 
of  the  high  marsh  at  the  time  in  question.  This  some¬ 
what  arbitrary  rule  was  based  on  the  observation  that 
the  depth  of  high  marsh  along  its  present  outer  mar¬ 
gin  is  usually  not  less  than  this. 

The  reconstructions  shown  in  Figure  3  are  thus 
based  on  objective  interpretation  of  observed  data. 
However,  no  criteria  have  been  found  for  determining 
the  extent  of  the  sand  spit  beyond  the  positions  where 
marsh  occurred,  other  than  the  present  condition.  In 
this  respect,  the  reconstructions  of  the  extent  of  the 
spit  are  based  on  subjective  judgment,  as  are  also  the 
diagrams  in  a  few  places  where  application  of  the 
rules  was  ambiguous. 

The  Sandwich  moraine  was  deposited  at  the  termi¬ 
nation  of  the  last  advance  of  the  Wisconsin  glaciation 


Fig  S.  Water  content  of  i>eat  in  a  section  of  marsh  from  upland  to  a  tidal  creek. 
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(Mather  et  al.,  1942).  The  earliest  local  organic  re¬ 
mains  which  have  been  dated  are  freshwater  de¬ 
posits  about  9,750  years  old  from  a  kettle  hole  at 
Falmouth,  Massachusetts  (Rubin  and  Alexander, 
1960).  The  earliest  undoubted  saltwater  peat  recov¬ 
ered  from  the  Barnstable  marsh  was  at  a  depth  of  23 
feet  below  present  mean  high  water  and  was  about 
3,660  years  old.  Many  of  the  deeper  basins  along  the 
margin  of  the  upland  were  sounded  to  25  or  30  feet, 
and  it  is  not  unlikely  that  they  contained  peat  as  old 
as  4,000  years  or  more.  A  sample  collected  near  Scor- 
ton  Neck  at  the  base  of  Sandy  Neck  from  16  feet  be¬ 
low  the  present  marsh  surface  was  3,170  years  old, 
indicating  that  the  sand  spit  had  developed  prior  to 
that  time.  The  development  of  the  features  to  be 
traced  took  place  very  recently — probably  not  more 
than  4,000  years  ago. 

The  earliest  state  which  has  been  reconstructed  is 
that  of  1300  b.c.,  when  sea  level  was  18  feet  below  its 
present  elevation  (Fig.  3A).  The  sand  spit  was  then 
little  more  than  a  mile  in  length.  Its  inner  margin  lay 
some  1,000  feet  south  of  its  present  position.  The 
intervening  area  has  been  flooded  subsequently  by  the 
rising  sea  level,  leaving  the  sand  hills  within  it  com¬ 
pletely  buried  in  marsh  peat  or  as  islands  surrounded 
by  marsh.  The  subsequent  reconstructions  show  that 
the  sand  spit  has  grown  progressively  to  the  east,  but 
at  a  rate  that  appears  to  have  diminished  since  about 
2,000  years  ago.  This  is  about  the  time  that  the  rate 
of  rise  of  sea  level  decreased  greatly  (Fig.  6).  The 
terminal  hooks,  which  are  found  buried  in  the  peat  at 
present,  appear  to  have  developed  during  this  latter 
period  of  slowly  rising  sea  level  (Figs.  3D  and  E). 
The  margin  of  the  marsh  along  the  western  half  of 
Sandy  Neck  is  very  irregular  as  a  result  of  the  flood¬ 
ing  of  sand  hill  topography  by  rising  sea  and  marsh 
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Fig.  6.  Relation  of  age  to  depth  of  high  marsh  |«at  at 
Barnstable.  (After  Redfield  and  Rubin,  1962.) 


level.  Along  the  eastern  half  the  margin  is  much 
smoother  because  the  hooks  have  been  covered  by 
peat,  and  windblown  sand  has  advanced  over  the 
marsh  so  rapidly  that  the  marsh  has  not  encroached 
on  the  sand  hill  topography. 

The  marsh  itself  at  the  earliest  stage  consisted  of 
isolated  pockets  of  peat  occupying  indentations  in  the 
upland.  They  resemble  the  discontinuous  area  of  marsh 
found  at  present  along  the  shore  of  the  open  harbor 
east  of  Calves  Pasture  Point  (Fig.  2).  Such  areas 
appear  to  be  eroding  at  the  outer  face  and  to  be  ad¬ 
vancing  over  the  upland  as  sea  level  rises.  Presum¬ 
ably,  simitar  pockets  may  have  existed  along  the  up¬ 
land  for  an  indefinite  period  prior  to  the  earliest 
reconstruction.  Figure  3B  shows  that,  with  the  ex¬ 
tension  of  the  sand  spit  and  the  accumulation  of 
sediment  in  the  protected  basin,  the  marginal  marsh 
has  become  continuous  and  is  extending  as  an  inter¬ 
tidal  marsh  into  the  enclosure.  At  the  same  time  it  is 
invading  the  upland,  particularly  the  more  pronounced 
valleys  and  the  areas  of  low  relief  to  westward. 

The  subsequent  reconstructions  (Figs.  3C  and  E) 
show  the  marsh  growing  out  into  the  basin  as  tongues 
whose  beginnings  are  evident  at  the  earlier  stage. 
They  occupy  positions  where,  presumably,  sand  flats 
had  built  up.  Growth  appears  to  have  resulted  from 
the  establishment  on  these  flats  of  islands  of  intertidal 
marsh  which  subsequently  became  continuous,  a 
process  which  can  be  seen  to  be  taking  place  in  the 
presently  existing  intertidal  islands.  The  develop¬ 
ment  of  these  tongues  resulted  in  the  separation  of 
the  open  water  into  broad  sounds  which  narrowed 
progressively  to  define  the  position  of  the  present 
major  creek  systems. 

A  comparison  of  Figures  3C,  D,  and  E  suggests 
that  these  sounds  narrowed  by  the  spreading  of  inter¬ 
tidal  marsh  onto  sand  flats  where  a  meandering  chan¬ 
nel  system  was  already  developed.  The  marsh  peat 
may  be  expected  to  have  stabilized  the  meander  pat¬ 
tern,  which  has  remained  with  little  alteration  as  the 
peat  has  built  up  to  the  present  high  marsh  level. 
Confirmation  of  this  supposition  is  found  in  relatively 
young  marshes  at  Provincetown  and  Wellfleet,  Massa¬ 
chusetts,  where  the  creeks  at  low  tide  meander  be¬ 
tween  bare  sand  banks  along  a  “thalweg”  formed  by 
relatively  straight  banks  of  peat. 

High  marsh  has  now  extended  to  the  banks  of  the 
present  creeks,  except  in  limited  local  areas.  Gold- 
thwait  (1937)  has  commented  on  the  stability  of  the 
meander  patterns  of  tidal  creeks.  A  quasi-equilibrium 
determined  by  hydraulic  forces  appears  to  have  been 
reached  between  the  processes  of  accretion  and  ero¬ 
sion.  Leopold  and  Langbein  (1963)  and  I-angbein 
(1963)  have  shown  that  in  a  tidal  estuary  the  width, 
depth,  and  velocity  of  flow  vary  with  a  power  of  the 
mean  discharge,  Q,  so  that 
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estuaries:  geomorphology 


From  considerations  which  include  continuity,  the¬ 
oretical  relations  between  velocity,  slope,  and  depth, 
and  the  conditions  that  at  equilibrium  the  total  work 
done  in  the  system  be  minimal  and  that  energy  be 
dissipated  uniformly  along  the  channel,  they  have  de¬ 
duced  theoretical  relations  between  the  exponents  b, 
f,  and  m  (Table  1).  These  values,  which  define  the 
hydraulic  geometry  of  a  tidal  stream,  agree  closely 
with  those  obtained  by  measurements  in  two  tidal 
estuaries  near  Alexandria,  Virginia.  Measurement 
along  Spring  Creek,  in  the  Barnstable  marsh,  yield 
values  which  agree  well  with  theory. 

The  reconstructions  provide  a  picture  of  the  on¬ 
togeny  of  the  Barnstable  marsh  which  is  orderly  and 
plausible.  They  indicate  that  the  sand  spit  has  grown 
eastward  during  a  period  of  about  4,000  years.  The 
marsh,  which  consisted  at  first  of  isolated  pockets  in 
protected  indentations  of  the  upland,  became  con¬ 
tinuous  and  began  to  spread  into  the  enclosure  from 
along  the  upland  margin  as  sediment  accumulated  in 
its  shallower  parts  and  protection  from  the  sea  be¬ 
came  more  complete.  The  development  of  marsh  along 
the  margin  of  the  sand  spit  proceeded  more  slowly, 
perhaps  because  the  basin  deepened  with  distance  from 
the  upland  and  more  time  was  required  for  sedimen¬ 
tation  to  reduce  its  depth.  The  broad  sounds  between 
the  advancing  tongues  of  marshland  became  the  site 
of  the  future  crteks,  and  the  meandering  channels  in 
the  sand  which  formed  their  bottom  defined  the  final 
pattern  which  these  creeks  assumed.  High  marsh  has 


Table  1.  Exponents  in  the  hydraulic  geometry  of 
tidal  estuaries  in  Virginia  and  Massachusetts.  (After 
Langhein,  1963.') 


Exponent 

The¬ 

oretical 

Unnamed 

estuary, 

Virginia 

Wrecked 

Recorder 

Creek. 

Virginia 

Sr;  ing 
Creek. 
Barnstable, 
Mass. 

Width,  b 

0.72 

0.72 

0.77 

0.74 

Depth,  f 

0.23 

0.22 

0.23 

0.17 

Velocity,  in 

o.os 

0.06 

0.00 

0.09 

now  extended  to  the  margin  of  these  channels,  and  the 
creeks  now  are  in  quasi-equilibrium  with  the  hydraulic 
forces  which  arise  from  the  quantity  of  water  which 
they  must  carry  in  response  to  the  rhythm  of  the  tide. 

Author's  Ncte:  Contribution  Mo.  1497  from  the 
Woods  Hole  Oceanographic  Institution,  (supported  in  part 
by  the  National  Science  Foundation,  Contract  GP2042. 
This  contribution,  with  slight  condensation,  was  published 
in  Science,  147: 50—55,  January  1,  1965. 
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The  usual  definition  of  the  term  estuary  is  not  suffi  ■ 
ciently  inclusive.  Most  textbook  descriptions  apply  to 
coastal  indentations  like  the  Scandanavian  fjords  or 
drowned  river  mouths  like  the  Chesapeake  or  Dela¬ 
ware  Bays.  In  addition  to  these  rather  obvious  illus¬ 
trations,  there  are  other  transitional  coastal  condi¬ 
tions,  including  the  deltaic  environment  described 
here,  to  which  the  term  estuary  is  not  usually  applied. 
As  the  word  is  derived  from  the  Latin  aestus  refer¬ 
ring  to  "tides”,  an  estuary  will  be  considered  here  as 
any  coastal  embayment  periodically  affected  by  brack¬ 
ish  oceanic  waters.  Because  deltaic  regions  comprise 
the  most  dynamic  of  coastal  areas,  estuaries  associated 
with  this  environment  are  short-lived  and  are  charac¬ 
terized  by  rapid  change. 

QUATERNARY  HISTORY  OF 
RIVER  MOUTHS 

The  physiography  of  a  deltaic  area  is  the  product 
of  fluvial  deposition  and  coastal  erosion  as  controlled 
by  the  underlying  predeltaic  topography,  which  was 
initiated  during  the  last  or  Wisconsin  glacial  stage 
when  cominenfil  ice  sheets  extracted  sufficient  water 
from  the  oceans  to  account  for  a  worldwide  sea-level 
lowering  of  some  450  feet  (Fisk  and  McFarlan,  1955; 
Russell,  1957).  Strand  lines  of  the  glacial  stage  were 
correspondingly  farther  seaward,  near  the  continental 
shelf-slope  break,  and  all  river  systems  were  elongated 
to  adapt  to  this  lowered  base  level.  Although  evidence 
is  sparse,  most  streams  seem  to  have  scoured  relatively 
straight  valleys  directly  across  the  then-exposed  con¬ 
tinental  shelf  (LcBlanc  and  Hodgson,  1959).  It  can 
be  deduced  logically  from  the  physiography  of  the 
entrenched  Mississippi  valley  system  (Fisk,  1944) 
that  sea  level  dropped  rapidly  during  the  waxing  gla¬ 
cial  stage  and  did  not  remain  long  at  its  minimum 
stand  before  the  ensuing  rise  began. 

Evidence  from  radiocarbon  dating  of  organic  ma¬ 
terials  incorporated  in  deltaic  deposits  suggests  that 
sea  level  rose  to  its  present  position  in  two  phases, 
the  first  from  its  lowest  stand  (—450  feet)  to  about 
—250  feet  prior  to  35.000  years  ago  ( McFarlan, 
1%1).  The  second  rise  began  some  18,500  years  ago 
and  continued  until  aliout  3,000  years  ago,  when  it 
reached  approximately  its  present  stand  (Gould  and 
McFarlan,  1959;  McFarlan,  1%1 ;  Gould  and  Morgan, 
1902).  Through  most  of  this  interval,  sea-level  rise 
apparently  exceeded  sediment  deposition  by  streams 
because  glacially  entrenched  valleys  became  embayed 
and  estuarine.  Only  after  stillstand  was  achieved  have 


rivers  been  able  to  prograde  actively.  It  need  not  be 
inferred  that  there  has  been  no  eustatic  rise  nor  minor 
fluctuation  in  sea  level  during  the  stillstand  interval, 
but  such  changes  have  been  significantly  less  than 
during  the  preceding  several  thousand  years. 

Estuarine  river  valleys  indenting  the  coasts  of  the 
United  States,  especially  the  Atlantic  Coast,  reflect  the 
inability  of  most  streams  in  the  3,000  or  so  years  of 
stillstand  to  transport  sufficient  sediment  to  overcome 
ice-age  erosional  effects.  Significantly,  in  the  con¬ 
tinental  United  States,  deltaic  progradation  is  not 
typical  of  Atlantic  or  Pacific  Coast  rivers.  Instead  it 
is  associated  with  tho  streams  which  discharge  into 
the  relatively  sheltered  Gulf  of  Mexico.  The  compara¬ 
tively  small  size  of  the  Gulf  with  resulting  low  energy 
waves,  a  tidal  regime  of  small  magnitude,  and  only 
minor  longshore  currents  favors  deltaic  accumulation 
of  sediment.  Several  illustrations  from  the  United 
States  Gulf  Coast  serve  to  illustrate  the  varying  de¬ 
grees  to  which  these  depositional  processes  have  modi¬ 
fied  glacial-age  estuaries.  The  Nueces,  Guadalupe, 
San  Jacinto,  and  Trinity  Rivers  of  Texas,  and  the 
Sabine  and  Calcasieu  of  Louisiana,  have  been  unable 
as  yet  to  completely  fill  their  estuarine  valleys.  The 
same  applies  to  the  Pascagoula.  Mobile,  Escambia, 
and  Choctaw hatchee  Rivers  of  the  eastern  Gulf.  The 
Colorado- Brazos  River  complex  of  Texas  and  the 
Pearl  River  of  Louisiana  have  barely  filled  their  gla¬ 
cially  scoured  valleys,  whereas  the  Rio  Grande  of 
Texas,  because  of  greater  sediment  load,  has  been  able 
to  prograde  somewhat  during  the  last  several  hundred 
years. 

The  prime  illustration  of  progradation  occurs  in  the 
complex  delta  of  the  Mississippi  River,  which  because 
of  its  enormous  drainage  basin  and  discharge  trans¬ 
ports  an  overwhelming  load  of  sediment  annually  to 
the  Gulf.  Recent  work  by  Coleman  and  Smith  ( 1964) 
in  the  western  part  of  the  Mississippi  deltaic  plain  re¬ 
veals  evidence  of  the  oldest  known  Recent  Mississippi 
River  delta  in  the  vicinity  of  Marsh  Island,  Louisiana 
(Fig.  1).  Widespread  blanket  peats,  representing  a 
buried  deltaic  marsh  surface,  have  been  determined  to 
be  about  4,700  years  old.  The  deltaic  mass,  surfaced 
by  this  marshy  peat  deposit,  accumulated  when  the 
rising  sea  had  attained  a  position  perhaps  ten  feet  be¬ 
low  its  present  stand.  Subsequent  sites  of  Mississippi 
River  deposition  have  coalesced  to  form  the  deltaic 
plain  which  extends  some  200  mites  east  of  the  older 
Recent  delta.  This  progradational  plain  represents 
deposition  essentially  contemjioraneous  with  sea-level 
stillsand 
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Fig.  1.  Chronology  of  Mississippi  River  lobatr  deltas. 


Many  papers  have  described  various  aspects  of  the 
Mississippi  River  deltas,  but  the  significant  character¬ 
istics  to  emphasize  here  are  the  sedimentary  proper¬ 
ties  and  physical  processes  which  serve  to  modify 
deltaic  morphology  during  abandonment  and  deteri¬ 
oration.  After  a  stream  is  able  to  fill  its  estuarine 
valley  it  progrades  by  normal  processes  of  sediment 
deposition  modified  by  coastal  wave,  tide,  and  current 
action.  The  deposit  consists  primarily  of  coarser 
material  at  the  mouth  of  a  distiibutarv  with  finer  ma¬ 
terial  carried  laterally  and  seaward  onto  the  adjacent 
continental  shelf.  Distributaries  extend  themselves 
seaward  as  long  radiating  and  branching  fingers  of 
coarser-grained  sediments,  overlapping  previously  de¬ 
posited  finer  materials  ("Fisk.  1961).  Progradation 
continues  until  deltaic  distributary  gradients  become 
too  fiat  to  be  efficient  in  transporting  water  and  sedi¬ 
ment  to  the  Gulf.  This  sets  the  stage  for  an  upstream 
diversion  to  a  route  with  steeper  gradient.  During 
the  last  several  thousand  years  thee  have  been  at 
least  six  such  major  diversions  with  corresponding 
lohatc  deltas,  recently  summarized  by  Kolb  and  Van 
Lopik  (1958),  and  Saucier  (1963)  (Fig.  11  Major 
Mississippi  River  diversions  are  not  a  product  of  a 
single  major  flood  as  is  the  case  in  some  rivers  such 
as  the  Yellow  of  China  or  the  Colorado  River  diver¬ 
sion  of  1905.  Instead  they  seem  to  follow  a  pattern  of 
gradual  abandonment  of  one  course  along  with  pro¬ 
gressive  enlargement  of  another  involving  perhaps  a 
century  or  more  i  Fisk.  1952). 

During  abandonment,  progressively  less  water  and 
sediment  is  transported  by  the  dying  distributary.  Fi¬ 
nally.  reduced  sedimentation  at  its  mouth  cannot  keep 
I«ce  unit  normal  coastal  processes  and.  as  the  dis¬ 
tributary  ceases  to  prograde,  erosion  becomes  the 
dominant  process. 

Subsidence  is  another  significant  process  which 
leads  to  destruction  of  an  abandoned  deltaic  complex. 
Regional  geos' nclinal  downwarping  is  widely  recog¬ 
nized  as  a  subsidence  process  affecting  deltaic  regions, 
but  another  factor,  the  effect  of  overloading  with  re¬ 
sulting  compaction  and  water  loss  t,  underlying  sedi 


ments,  is  not  so  commonly  considered.  Although  geo¬ 
synclinal  downwarping  is  a  highly  significant  process 
when  contemplating  geologic  spans  of  time,  it  is  over¬ 
shadowed  by  subsidence  through  compaction  during 
shorter  periods  such  as  the  interval  of  stillstand. 

RATES  AND  CAUSES  OF  SUBSIDENCE 

Coastal  subsidence  and  shoreline  retreat  are  well- 
documented  phenomena.  Tectonic  downwarping  of 
coastal  regions,  including  geosynclinal  processes,  are 
widely  recognized  by  geologists,  as  well  as  the  alter¬ 
nate  condition  of  structurally  uplifted  coastal  seg¬ 
ments.  Only  in  the  last  few  years,  however,  has  it 
been  possible,  through  rad'oearbor.  dating  of  coastal 
marsh  peats,  to  recognize  and  separate  post-ice-age 
eustatic  rise  of  sea  level  from  coastal  subsidence  ( Jel- 
gersma,  1961;  Mclntire  and  Morgan,  1962).  With 
recognition  of  the  fact  that  eustatic  rise  has  been  in¬ 
significant  for  the  last  three  millenia,  it  is  now  pos¬ 
sible  to  discount  that  factor  in  evaluating  subsidence 
rates  affecting  modem  sediments.  Because  most  Mis¬ 
sissippi  River  deltaic  progradation  has  occurred  dur¬ 
ing  this  interval,  the  area  furnishes  many  illustrations 
of  deltaic  estuaries  which  can  be  related  directly  to 
subsidence  effects. 

The  modern,  popularly  named  “b>dfoot”,  delta  of 
the  Mississippi  has  been  operative  lor  some  500  to 
600  years,  and  thus  represents  a  regi;r  ;.i  which  areas 
of  marine  inundation  reflect  sediment  compaction  and 
subsidence  alone  rather  than  being  influenced  appre¬ 
ciably  by  eustatic  sea-level  rise.  Varying  estimates 
of  subsidence  rates  within  the  delta  have  been  re¬ 
ported,  many  of  which  are  summarized  hv  Russell 
(1936).  Figures  cited  range  from  a  minimum  of  0.02 
feet  year  to  as  much  as  0.17  feet/vear,  based  upot, 
several  types  of  evidence.  Recent  studies  made  by  the 
writer,  including  data  from  some  140  detailed  continu¬ 
ous  shallow  cores,  reveal  a  recognizable  time  horizon 
from  which  subsidence  rates  can  be  calculated  over 
some  1 00  square  miles  of  the  delta.  Rates  within  this 
area  vary  from  about  0.05  feet  year  to  0.13  feet/year, 
not  too  dissimilar  from  previously  nuhlished  figures. 

Such  rapid  subsidence  rates  arc  a  product  of  the  ini 
tial  high  water  saturation  of  deltaic  sediments.  Con- 
temjior.areous  with  distributary  elongation,  coarser, 
massive  fur  and  levee  deposits  comp  el  underlying 
silts,  silty  clays,  and  fine-grained  prodelta  clays  by 
elimination  of  interstitial  water.  Compaction  initially 
is  ipiite  rapid  but  becomes  progressively  slower  as 
moisture  content  is  deplc*cd.  In  addition,  lateral  dis¬ 
placement  by  plastic  flow  in  underlying  fine-grained 
sediments  ha*  been  shown  to  be  a  significant  process 
in  a  distributary  mouth  which  results  locally  in  ab- 
rornially  high  subsid-itce  rates  (  Morgan  cl  ill..  1963). 

EFFECTS  OF  SUBSIDENCE 

Following  abandonment  of  a  deltaic  distributary 
system,  sedimentation  ceases,  but  subsidence  continue* 
and  becomes  the  dominant  modifying  process.  Effect* 
arc  soon  apparent,  especially  in  the  broad  area*  of 
near  sea  level  intrrdistr'hutary  marsh,  winch  break  up 
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Fig.  2.  Effects  nf  deltaic  subsidence  during  distributary 
system  abandonment. 

to  form  ponds  and  lakes.  Distributary  levees  are  more 
massive  than  adjacent  marshes  and  consequently  sub¬ 
side  more  rapidly.  With  subsidence,  levees  often  drag 
down  the  adjacent  marsh  to  form  elongated  open 
(Kinds  paralleling  the  outer  levee  margins  fFig.  2). 
Such  features  have  lieen  named  "levee  flank  depres¬ 
sions"  by  Russell  (19361. 

With  continuing  subsidence,  aided  by  wave  erosion 
of  their  banks,  lakes,  ponds,  and  levee  flank  depres¬ 
sions  gradually  enlarge  and  coalesce.  In  a  compara¬ 
tively  few  years  marshy,  interdistributary  basins  thus 
become  o|M-n  bays  connected  by  devious  routes  with 
the  adjacent  Gulf.  This  process  of  reversion  from 
land  fi.e.,  marsh)  to  water  parallels  the  diversion  of 
fresh  water  to  some  other  part  of  the  delta.  Therefore, 
the  enlarging  interdistributary  bays  progressively  be¬ 
come  more  brackish  in  nature  and  are  thus  converted 
into  estuaries. 

DELTAIC  ESTUARIES 

An  estuary  of  the  type  described  is  well  illustrated 
within  the  area  west  of  the  Mississippi  Delta  known 
as  West  Bay.  Maps  and  records  of  the  late  1700's 
and  early  1800's  indicate  that  West  Bay  consisted  of 
shallow  fless  than  6  feet  deep ) .  irregular,  intercon¬ 
necting  bodies  of  water  (Fig.  3).  A  small  abandoned 
distriliutary.  Grande  Liard  River  or  Bayou,  had  vir¬ 
tually  closed  itself  otT  according  to  records  of  1817. 
However,  thu  same  stream  was  known  as  Detour  aux 
Plaquemines,  some  thirty  years  earlier,  suggesting 
that  it  was  somewhat  more  open  and  u  cd  for  naviga¬ 
tion  at  that  time.  In  1H.I9  a  crevasse  caller!  The  lump 
allowed  Mississippi  waters  to  floor!  West  Bay.  Sedi¬ 
mentation  was  rapid  and  by  the  late  !9th  century 
West  Bay  had  hern  converted  into  a  suhdelta  consist¬ 
ing  of  innumerable  radiating,  bifurcating,  and  reclos- 
mg  distributaries  with  typical  intcrdistributarv  marshy 
areas  incorjiorating  lakes  and  ixmds.  By  the  early 
I900's  a  few  major  Jump  distributaries  had  aequited 
mos»  of  the  discharge  and  prograded  to  lieenme  12  to 
14  miles  long,  establishing  ton  flat  a  gradient  for  ctfi- 
rient  sediment  transport  i  Fig.  4).  During  tire  past 


half  century  sediment  deposition  and  subdelta  growth 
have  virtually  ceased  except  for  local  areas  at  major 
distributary  mouths.  Subsidence  has  now  become 
dominant  and  many  interdistributary  lakes  have  inter¬ 
connected  to  form  brackish  bays  or  estuaries  (Fig.  5). 
Thus  the  West  Bay  area  illustrates  a  complete  cycle, 
including  deterioration  of  the  Grand  Liard  land  mass, 
formation  of  a  brackish  West  Bay,  fill  of  the  estuary 
by  Jump  sedimentation,  and,  finally,  present  processes 
of  subsidence  and  conversion  to  a  second  estuary.  It 
is  interesting  to  note  that  a  study  of  sediments  in  the 
shallow  subsurface  also  reveals  evidence  of  a  third 
land  mass  beneath  that  of  the  Liard  complex.  Surface 
evidence  is  obscured,  but  it  is  quite  likely  that  this 
represents  an  even  earlier  subdelta  which  diverted 
from  the  Mississippi  River  slightly  farther  northwest. 

Figure  C  illustrates  three  additional  subdeltaic  areas 
that  reflect  various  stages  in  this  process  of  cyclic 
sedimentation.  The  Cubits  Gap  and  Baptiste  Collette 
sulxlcltas  have  inundated  what  was  formerly  an  open 
bay  area  (Bay  Ronde)  and  converted  it  into  a  broad 
marshy  complex  (Welder,  1955).  Both  of  these  dis¬ 
tributary  systems  have  now  passed  their  peak  of  sedi¬ 
ment  deposition  and  over  the  next  SO  to  100  years 
will  follow  the  pattern  of  subsidence  and  deterioration 
illustrated  in  the  West  Bay  area.  The  crevasse  into 
Garden  Island  Bay  is  the  most  recent  of  the  several 
major  subdcltas  and  is  sti'  actively  transporting  and 
depositing  sediment.  Its  distributaries  continue  to  pro- 
grade,  and  deposition  in  interdistribulary  basins  ex¬ 
ceeds  subsidence  rates. 

It  is  apparent  tliat  estuarine  East  Bay  is  a  potential 
ctevasse  site  of  the  future.  Early  and  somewhat  un 
reliable  charts  of  the  1700’s  suggest  that  East  Bay. 
at  that  time,  was  partially  filled  with  crevasse  deposits. 
Since  the  advent  of  accurate  mapping  of  the  delta 
i  1838)  the  area  has  become  progressively  more  open 
with  subsidence  processes  overshadowing  those  of  sedi¬ 
ment  de|K>sition.  Hew  long  this  will  continue  to  be 
the  case  is  questionable. 

INTERDELTAIC  ESTUARIES 

Besides  the  comparatively  small-scale  interdistrihu- 
tary  estuaries  described,  larger  embayed  areas  exist 
between  major  deltaic  lobes.  One  of  these,  the  Atcha- 
fataya  Basin,  is  described  elsewhere  in  this  volume  by 
Russell.  A  similar  embayed  area  extends  inland  hr- 
tween  the  distributary  system  of  the  present  Missis¬ 
sippi  River  levees  and  atiandonrd  distributaries  of  the 
older  I -afourche  Mississippi  Delta  (  Eig.  7).  A  com¬ 
plex.  interconnected  hay-lake  network  extends  inland 
from  brackish  Baratana  Bay  through  less  brackish 
Little  I -ike  into  freshwater  l_akrs  Salvador  and  de» 
Alle nands.  This  entire  lake  ami  hay  complex  with 
interconnecting  Ktyous  traverses  a  low.  generally 
marshy  basin  Excrpt  for  local  rainfall,  there  is  no 
freshwater  influx,  the  Mississippi  now  be*ng  com¬ 
pletely  controlled  by  protective  artificial  lever*.  The 
Barataria. Salvador  basin  has  been  ilejirivcd  of  active 
sedimentation  since  the  l-afourche  Mississippi  system 
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Fig.  5.  The  Jump  (West  Bay)  sutxiclta  showing  sub¬ 
sidence  effects  during  present  process  of  abandonment. 


incut  compaction  have  caused  levees  and  interdistribu¬ 
tary  basins  to  subside  as  in  the  Mississippi  Delta,  but 
tidally  borne  sediment  lias  accumulated  rapidly  enough 
to  counteract  subsidence  effects.  Abandoned  distribu¬ 
tary  levees  slope  seaward  and  pass  gradually  beneath 
an  overlapping  wedge  of  tidally  deposited  sediment. 
Levees  have  been  traced  several  miles  toward  the  Bay 
of  Bengal  by  hand  auger  borings  through  as  much  as 
12  to  14  feet  of  overlapping  tidal  plain  deposits. 

Highly  efficient  tidal  chb  and  flow  have  prevented 
channel  till  during  distributary  abandonment.  As  a 
result,  seaward  portions  of  distributary  channels  not 
only  remain  open  during  river  diversion,  but  in  most 
instances  broaden  and  deepen  through  tidal  scour  dur¬ 
ing  and  after  abandonment.  Fathometer  profiles  across 
a  number  of  the  principal  tidal  estuaries  reveal  depths 
of  80  to  100  feet  ( Fig.  8)  which  are  equivalent  to  or 
greater  than  those  attained  by  active  distributaries. 

Tidal  estuaries  arc  the  most  permanent  of  the  types 
discussed.  Despite  deltaic  subsidence  they  maintain 
channel  cross  sections  adjusted  to  the  prism  of  tidal 
water  involved  and  continually  build  up  the  adjacent 
land  surface  to  high-tide  level.  The  sediment  involved 
is  apparently  supplied  by  coastal  erosion  and  retreat 
of  the  abandoned  delta  front.  Comparisons  of  maps 


Fig.  6.  The  several  subdcltas  of  the  modern  "Birdfoot" 
Mississippi  deltaic  system. 


for  a  part  of  the  region  reveal  retreat  rates  of  about 
50  feet  a  year  for  the  iast  40  or  so  years.  Barring  a 
change  in  tidal  regime  the  drainage  network,  including 
principal  estuarine  channels,  remains  relatively  stable. 
Termination  of  the  estuarine  tidal  channel  network 
could  be  brought  about  by  coastal  retreat,  a  very  slow 
process  considering  the  width  of  the  tidal  plain,  or  by 
a  new  influx  of  alluvial  sedimentation  from  an  up¬ 
stream  diversion  of  the  principal  rivers,  a  much  more 
likely  prospect,  particularly  in  the  Ganges- Brahmapu¬ 
tra  area  which  is  subject  to  considerable  tectonic  ac¬ 
tivity  (Morgan  and  Mclntire,  1959). 

SUMMARY 

Three  distinct  geomorphic  estuarine  types  can  be 
recognized  in  the  environs  of  major  river  deltas.  Illus- 


Fig.  7.  Interdeltaic  basin  between  two  Mississippi  River 
delta  systems. 
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Fig.  8.  Tidal  patterns  and  abandoned  distributary  chan¬ 
nel  profiles  of  the  Ganges -Brahmaputra  system,  India — 
East  Pakistan. 


trations  have  been  chosen  front  the  Mississippi  Delta, 
a  low-tide  and  lotv-energy  environment,  and  the  high- 
tide  regime  of  the  Gang'*-  Brahmaputra  system.  Other 
areas,  subject  to  conditions  between  the  extremes  de¬ 
scribed,  would  display  intermediate  variations  in  ef¬ 
fects  of  the  processes  considered. 

All  deltaic  estuaries  are  a  product  of  the  delicate 
balance  which  exists  between  coastal  progradation 
through  sedimentation,  coastal  retreat  under  wave  at¬ 
tack.  and  variations  in  sea  level.  The  present  happens 
to  be  a  time  of  stability  or  near  stability  of  sea  level, 
consequently  minor  subsidence  in  deltaic  land  eleva¬ 
tion  through  compaction  or  downwarping  can  lead  to 
the  formation  of  estuaries. 

Currents  resulting  from  a  significant  tidal  range 
modify  deltaic  physiography  by  channel  erosion  and 
interdistributary  deposition.  Tidal  processes  serve  to 
mask  or  obscure  the  estuarine  types  of  the  low  tidal 
deltaic  environment.  In  either  case,  estuarine  mor¬ 
phology  of  the  deltaic  environment  is  subject  to  rapid 
modification,  as  are  deltas  themselves.  From  the  stand¬ 
point  of  geologic  time,  deltaic  estuaries  are  ephemeral 
in  nature,  but.  when  considering  the  relatively  short 
span  of  time  involved  in  recorded  human  history,  these 
complex  changing  environments  acquire  great  signifi¬ 
cance. 

Author's  Note:  This  paper  has  resulted  primarily  from 
research  sponsored  by  the  Geography  Branch,  Office  of 
Naval  Research,  through  Contract  Nonr  1575(03)  :  Task 
Order  NR  388  002. 
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Important  contributions  have  been  made  to  the 
study  of  estuarine  hydrology  in  Australia  (Rochford, 
1951,  1959;  Spencer,  1956;  Thomson,  1959),  but  little 
detailed  work  has  been  done  ori  the  geomorphology  of 
Australian  estuaries.  Study  of  the  geomorphological 
characteristics  of  some  representative  Australian  estu¬ 
aries  shows  bow  their  differences  may  be  related  to 
geological,  climatic,  hydrological,  and  biological  fac¬ 
tors  which  vary  regionally  around  the  margins  of  the 
continent.  Many  unsolved  problems  may  not  all  be 
distinctive,  but  some  are  likely  to  be  unfamiliar  to 
those  who  have  worked  on  estuaries  elsewhere. 

A  complete  definition  of  an  estuary  requires  refer¬ 
ence  to  its  form,  its  tidal  regime,  and  its  salinity  char¬ 
acteristics.  Lake  (1949)  said  of  form,  “The  mouth  is 
V-shaped  and  widens  near  the  sea.”  Ketchum  (1951) 
described  an  estuary  as  “a  body  of  water  in  which  the 
river  mixes  with  and  measurably  dilutes  sea  water” 
as  a  result  of  tides.  A  geomorphologist  is  concerned 
primarily  with  the  evolution  of  the  configuration  of 
an  estuary  and  with  changes  in  progress  at  the  pres¬ 
ent  time.  He  regards  an  estuary  as  an  assemblage 
of  land  forms  created  by  the  submergence  of  a  val¬ 
ley  mouth,  and  retains  an  interest  in  its  evolution 
when  if  Lio  ceased  to  be  an  estuary :  tor  ex.,..ip!', 
when  a  coastal  barrier  has  been  bunt  up  across  its 
mouth  to  enclose  a  lagoon,  or  when  sedimentation  has 
replaced  it  by  a  depositional  plain  which  may  protrude 
from  the  coastline  in  the  form  of  a  delta.  Patterns  of 
erosion  and  sedimentation  within  an  estuary  are  in¬ 
fluenced  by  waves,  tides,  and  river  currents.  These 
patterns  are  also  influenced  by  biological  processes, 
notably  in  the  development  of  halophytic  and  hydro- 
phytic  vegetation  communities.  The  effects  of  these 
processes  differ  from  estuary  to  estuary  in  Australia 
because  of  contrasts  in  the  geological  and  geomorpho¬ 
logical  setting,  and  there  are  broad  variations  which 
can  be  related  to  regional  differences  in  dynamic 
environmental  factors. 

DYNAMIC  ENVIRONMENTAL  FACTORS 

Factor  1 — Aridity  is  a  prime  factor  in  many  aspects 
of  Australian  geography  and  estuaries  are  no  excep¬ 
tion.  Except  for  Tasmania,  parts  of  the  southeastern 
mainland,  and  parts  of  the  east  Queensland  coastal 
region.  Australian  rivers  have  low  runoff  coefficients 
and  few  have  perennial  flow  (Fig.  1).  Even  these 
perennial  rivers  show  marked  seasonal  variations,  and 
spasmodic  flooding  is  characteristic  throughout  Aus¬ 
tralia.  These  conditions  affect  the  geomcrphology 


and  the  hydrology  of  estuaries;  they  weaken  the 
ability  of  rivers  to  prevent  barrier  formation  by 
marine  action,  and  they  limit  the  yield  of  fluvial  sedi¬ 
ment  for  delta  and  barrier  construction.  Certain 
coasts,  notably  along  the  Nullarbor  Plain  and  also 
in  the  neighborhood  of  the  Eighty  Miles  Beach  in 
Western  Australia,  lack  estuaries  because  they  adjoin 
riverless  areas. 

Factor  2 — More  than  half  the  coast  of  Australia 
(Fig.  2),  from  Shark  Bay  in  Western  Australia 
southwards  to  Cape  Leeuwin,  eastwards  to  Cape 
Howe,  and  northwards  to  Fraser  Island  in  Queens¬ 
land,  is  a  coast  of  high  wave  energy  subject  to  the 
effects  of  long-period  (12-16  seconds)  swell  originat¬ 
ing  in  the  Southern  Ocean  (Davies,  1960).  The  same 
is  true  of  much  of  the  coast  of  Tasmania.  On  such 
coasts,  extensive  barriers  have  been  built  up  by  the 
acii  u  of  ocean  swell,  and  many  of  the  river  mouths 
are  partly  or  wholly  cut  off  from  the  sea;  estuarine 
lagoons  are  therefore  more  common  than  simple  estu¬ 
aries.  These  estuarine  lagoons  are  similar  to  the  en¬ 
closed  river  mouths  known  as  "blind  estuaries”  in 
South  Africa  (Day,  1951),  where  rivers  with  compa¬ 
rable  regimes  reach  coasts  confronted  by  strong  ocean 


Few  river  mouths  are  completely  and  permanently 
enclosed  by  barriers.  Usually  there  is  a  natural  outlet. 
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Fig.  2.  Locations  of  places  and  features  mentioned. 


which  may  be  sealed  off  by  marine  deposition  when 
the  river  discharge  is  low,  and  reopened  by  aug¬ 
mented  outflow  after  a  heavy  rainfall  within  the 
catchment  region.  The  position  of  estuarine  outlets 
is  often  related  to  patterns  of  refraction  of  ocean 
swell.  The  outlets  occur  where  the  swell  is  strongly 
refracted,  and  therefore  weakened,  in  the  vicinity  of 
rocky  headlands,  or  where  there  are  islands  or  shoals 
immediately  offshore  (Rascom,  1954). 

For  various  reasons,  the  tropical  coasts  of  Aus¬ 
tralia  are  subject  to  less  persistently  energetic  wave 
regimes.  The  barrier  reefs  off  the  east  Queensland 
coast  dissipate  the  South  Pacific  swell,  so  that  this 
coast  is  subject  only  to  the  more  variable  wave  action 
produced  by  winds  blowing  over  coastal  water.  Waves 
generated  by  the  southeasterly  trade  winds  are  domi¬ 
nant  for  much  of  the  year,  but  nortuerlv  monsoons 
affect  the  coast  north  of  Townsville  during  the  sum¬ 
mer  months.  Protection  by  coral  reefs  is  more  local¬ 
ized  off  the  north  coast  of  Australia  ( Fairbridge. 
1950),  but  this  coast  is  beyond  the  effective  reach  of 
ocean  swell,  and  wave  action  here  is  related  simply  to 
wind  conditions  over  the  adjacent  seas.  The  strongest 
wave  action  acconi|»anies  the  summer  monsoon.  Regu¬ 
lar  ocean  swell  builds  up  barriers  and  smooths  coastal 
outlines  in  plan,  but  the  more  variable  wave  action 
on  the  tropical  coasts  of  Australia  helps  to  maintain 
wide,  open  estuaries,  and  to  create  protruding  deltas 
like  those  of  the  llurdekin  and  llcrl»crt  Rivers  in 
Queensland  and  the  !)e  Grey  in  Western  Australia. 
In  addition  to  the  mt|»ortance  of  ocean  swell  in  shap¬ 
ing  coastal  outlines,  it  is  possible  that  these  long  ocean 
waves  have  swept  sand  across  the  continental  shelf 
and  delivered  it  to  the  coast  during  and  since  the 
postglacial  marine  transgression.  Bird  (1901a)  has 
suggested  that  this  may  have  contributed  to  the  build¬ 
ing  of  barriers  on  the  southeastern  coast  of  Australia ; 
there  is  certainly  less  sand  on  the  northern  coast 
which  is  not  exposed  to  ocean  swell,  and  on  the  east 
Queensland  coast  where  the  reefs  offshore  are  old 
enough  to  have  prevented  this  landward  drifting. 

Factor  3— Tidal  conditions  generally  show  a  com¬ 


plementary  pattern.  The  high  wave  energy  coasts 
have  low  to  moderate  tidal  ranges,  but  the  tropical 
coasts  art  subject  to  tides  of  moderate  or  high  range. 
As  the  morphological  effects  of  waves  and  tides  are 
often  opjiosed,  this  complementary  distribution  has  a 
strengthened  significance:  where  the  tidal  range  is 
large,  strong  transverse  ebb  and  flow  currents  prevent 
the  formation  or  completion  of  barriers  and  maintain 
good  outlets  through  the  existing  barriers. 

Factor  4 — Sedimentation  within  estuaries  is  in¬ 
fluenced  by  biotic  factors  where  salt  marsh,  mangrove 
swamp,  or  reed  swamp  develop  on  their  margins. 
Mangrove  communities,  which  are  important  in  many 
Australian  estuaries,  extend  from  the  tropical  coasts 
into  the  domain  of  high  wave  energy  coasts.  They 
occur  as  far  south  on  the  east  coast  as  Corner  Inlet 
in  Victoria;  they  are  found  in  estuaries  and  inlets 
around  Spencer  Gulf  and  Gulf  St.  V'incent  in  South 
Australia ;  on  the  west  coast  they  reach  southwards 
to  the  neighborhood  of  Carnarvon  in  Western  Aus¬ 
tralia.  Where  the  tidal  range  is  large,  mangroves 
form  broad  rones  of  swamp  vegetation  on  intertidal 
land,  but  they  are  restricted  or  absent  iti  estuarine 
lagoons  where  the  tidal  range  is  reduced.  In  the  ab¬ 
sence  of  mangroves,  many  Tasmanian  estuaries  are 
bordered  by  salt  marshes  similar  to  those  found  in 
northwestern  Kurope  and  eastern  North  America. 
The  vigorous  hybrid,  Spartina  lotonscnd it.  which  has 
so  strongly  modified  the  gcomorphological  evolution 
of  many  estuaries  in  northwestern  Europe  ( Bird  and 
Ranwell,  1964)  has  recently  been  introduced  to  the 
Tamar  Estuary  in  Tasmania,  but  is  not  yet  common 
in  Australian  estuaries.  Reed  swamp  encroachment 
is  restricted  to  relatively  fresh  water  and  becomes 
more  important  where  the  enclosure  of  estuaries  by 
bar  riers  permits  reduction  of  salinity  by  inflowing 
rivers. 

Factor  5 — A  further  differentiating  factor  affecting 
estuarine  geomorphology  derives  from  a  marked  re¬ 
gional  contrast  in  the  mineralogy  of  beach  sands  and 
the  lithology  of  derived  dune  formations  on  the  Aus¬ 
tralian  coast.  On  the  western  and  southern  coasts, 
from  Shark  Bay  down  to  northwestern  Tasmania, 
beach  sands  are  predominantly  calcareous  and  older 
dune  and  barrier  formations  have  become  lithitied  as 
eolian  calcarenite.  On  the  eastern  coast,  from  Fraser 
Island  south  to  eastern  Tasmania,  quartzose  l>each 
sands  predominate  and  dunes  and  barriers  derived 
fiotn  them  remain  relatively  unconsolidated.  Dcposi- 
tional  forms  in  calcarenite  are  more  resistant  to  ero¬ 
sion  by  waves  and  currents  and  thus  arc  more  durable 
as  land  forms  than  similar  features  budt  of  quartzose 
sand.  In  consequence,  the  geomorpbolngir-d  frame 
work  of  estuaries  and  estuarine  lagoons  i*n  the  westrrn 
and  southern  coasts  is  often  better  defined  than  those 
preserver!  in  calcarenite  on  the  eastern  coasts  with 
older  barrier  systems  dating  uom  neistoccnc  time* 
On  the  tropical  coasts  the  dunes  arr  much  more  local¬ 
ized.  and  their  virtual  absence  from  the  jvrennially 
humid  sectors  is  consonant  with  what  is  known  of 
other  coasts  in  humid  tropical  regions  (Jennings. 
1964). 
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Factor  6 — Neotectonic  effects  cannot  he  excluded 
from  consideration  of  present-day  estuaries,  many  of 
which  certainly  inherit  morphological  features  from 
estuarine  phases  prior  to  the  Recent  (Holocene) 
marine  transgression.  Neotectonism  is  strongly  sug¬ 
gested  by  the  configuration  of  some  estuarine  lagoons 
and  embayments  on  the  coast  between  Cape  Howe  and 
the  mouth  of  the  Murray,  in  Victoria  and  South  Aus¬ 
tralia,  when  taken  in  association  with  landform  evi¬ 
dence  of  tectonic  deformation  and  the  proximity  (in 
some  cases)  of  fault  lines  still  subject  to  earth  move¬ 
ments.  But  proof  must  await  detailed  geomorphologi- 
cal  and  stratigraphic  studies. 

Each  of  the  six  dynamic  factors  wc  have  listed 
works,  of  course,  within  the  more  static  framework 
of  the  geological  structure  and  geomorphological  evo¬ 
lution  of  the  coastal  hinterland.  This  can  best  be 
illustrated  by  dealing  with  representative  estuaries 
in  greater  detail. 

REGIONAL  EXAMPLES  OF  ESTUARIES 
The  Swan  Estuary,  Western  Australia 

The  Swan  Estuary  (Fig.  3)  falls  within  a  Pleis¬ 
tocene  coastal  plain  fronting  a  Precamhrian  shield, 
both  thought  to  have  been  tectonically  stable  within 
the  lifetime  of  the  estuary.  More  precisely,  the  estuary 
transects  two  ancient  dune  systems,  the  inner  of  weak 
quartzose  dunes,  the  outer  of  eolian  calcarentte.  The 
latter  is  quite  resistant,  in  part,  to  erosion.  Within  the 
dune  limestones  theie  are  successive  belts,  and  the 
rstuary  cuts  the  outermost  in  a  narrow,  shallow,  and 
winding  channel  which  may  have  originated  as  a 
“constructional  gorge”  (Jennings.  1957). 

The  rivers  entering  the  estuary  have  low  discharge 
most  of  the  vear.  though  floods  occur  in  the  short 
winter  rsim-  *m«nn  *  rt-ononiical  tides  have  oi  ly  a 


Fig.  4.  The  Murray  River  Estuary,  South  Australia. 


two-foot  range  and  are  often  exceeded  by  tides  due  to 
wind  action.  These  dynamic  factors,  and  the  com¬ 
paratively  resistant  rock  of  the  coastal  barrier,  ac¬ 
count  for  the  meager  outlet  to  this  estuary  which  in 
many  ways  resembles  an  estuarine  lagoon. 

The  constricted  entrance,  the  river  regime,  and  the 
small  tides  produc&a  distinctive  hydrology  with  phases 
of  prolonged  and  pronounced  vertical  stratification 
intersfiersed  with  spasms  of  cellular  circulation.  The 
stratification  promotes  an  accumulation  of  black,  richly 
organic  silt  on  the  floor  of  the  estuary.  The  limited 
development  of  the  salt  marsh  is  also  correlated  with 
the  smallness  of  the  tide.  Two  partly  emerged  spits 
suggest  a  tendency  towards  segme*  ion — a  yrvr«s 
which  takes  place  in  estuarine  lagoons  where  the  tidal 
range  is  small  f  Price.  1947). 

The  age  of  the  estuary  is  linked  to  that  of  the 
cuicarcnite,  which  McArthur  and  Bettenay  (1960) 
infer  lielongs  to  the  earlier  Wurm  interstadials.  so 
that  in  its  present  form  the  estuary  may  relate  solely 
to  the  Holocene  transgression  (Churchill.  1959). 
This  dating,  however,  dejiends  ultimately  on  an  alti¬ 
tudinal  correlation  with  the  European  sequence  of 
shorelines,  and  cannot  command  much  confidence.  The 
possibility  remains  that  Ileistocene  interglacial  estu¬ 
arine  plug's  have  contributed  to  the  present  mor¬ 
phology. 

T»u  Murray  Estuary.  South  Australia 

A  long  history  is  even  more  evident  in  the  case  of 
the  Murray  Estuary  (Fig.  4).  where  successive  cal- 
caremtr  and  calcareous  sand  ridges  have  produced 
an  estuary -lagoon  complex.  The  lithifted  dune  ridges 
are  rtgsnled  by  Mooy  ( 1959)  and  others  as  inherited 
from  niter  glacial  estuarine  phases,  whereas  the  outer- 
meat  unconsolidated  sand  barrier  is  attributed  to  the 
Recent. 

Though  a  big  river,  the  Murray  loses  volume  over 
much  of  its  course  through  semi-arid  country  and  has 
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Fig.  5.  The  Gippsland  Lakes,  Victoria. 


an  exceptionally  low  ratio  of  mean  annual  discharge 
to  basin  area.  Tides  at  the  Murray’s  mouth  are  small 
(3  feet),  and  the  same  combination  of  factors  as  in 
the  Swan  Estuary  account  for  narrow  and  shallow 
channels  at  the  outlet.  However,  these  lagoons  are 
more  extensive  and  their  configuration  may  be  due 
in  part  to  a  neotectonic  factor  of  Quaternary  warping. 

Calcarenite  has  provided  a  good  foundation  for  the 
construction  of  barrages  across  the  outlets,  and  since 
these  were  completed  in  1940  the  estuarine  lagoons 
have  become  freshwater  lakes,  with  consentient  changes 
in  littoral  ecology  and  shoreline  geomorphological 
processes.  Reed  swamp  encroachment  has  become 
widespread  and  associated  sedimentation  is  building 
up  depositional  land  on  sections  of  the  shorelines  of 
Lake  Albert  and  Lake  Alexandrina  (Bird,  1962). 

The  Gippsland  Lakes.  Victoria 

This  is  an  estuary  lagoon  complex  (Fig.  S)  replac 
ing  a  former  marine  embayment.  The  strong  swell 
from  the  Southern  Ocean  has  built  long  coastal  bar¬ 
riers,  here  of  quartzose  sand,  which  enclose  Lakes 
King,  Victoria,  and  Wellington.  These  lakes  are  fed 
by  four  rivers  of  more  regular  regime  than  those 
already  discussed,  nut  with  seasonal  variations  in 
runoff.  The  natural  outlet  from  these  lakes  used  to  be 
intermittent,  blocked  by  sand  in  the  summer  and  re¬ 
opened  by  winter  freshets.  Tidal  action  is  only  mod¬ 
erate,  permitting  the  segmentation  of  initially  elon¬ 
gated  lagoons  into  a  chain  of  smaller,  oval  lagoons 
by  the  action  of  wind-generated  waves  in  the  manner 
described  by  Bird  (1963).  Rivers  have  built  cuspate 
and  digitate  deltas  within  this  sheltered  and  tidally 
inactive  system  of  estuarine  lagoons.  Similar  deltaic 
features  are  found  elsewhere  in  other  Australian 
coastal  lagoons. 

fn  recent  years,  much  of  the  shoreline  of  the  Gipps- 
land  Likes  has  become  subject  to  erosion,  which  is 
also  consuming  the  deltas  built  by  the  Mitchell  and 
Tantbo  Rivers.  Bird  (1961b)  has  shown  that  this  is 
a  consequence  of  replacement  of  the  intermittent 
natural  outlet  through  the  barrier  by  an  artificial  cut 
made  in  1889.  The  salinity  of  the  Gippsland  Likes 
has  evidently  increased  as  a  result.  In  the  eastern 
part  of  the  lakes  a  former  reed  swamp  fringe  (chiefly 
Phragmiltt)  has  died  hack,  and  erosion  has  ensued 
from  the  quite  substantia’  waves  generated  within  the 
lakes.  These  estuarine  lagoons  were  formerly  so  well 


enclosed  from  the  sea  that  they  were  fresh  enough  for 
reed  swamp  to  encroach  from  their  shores  in  the  man¬ 
ner  of  swamps  Ordering  freshwater  lakes.  But  reed 
swamp  encroachment  is  now  confined  to  sections  of 
the  lake  shores  remote  from  the  artificial  entrance,  in 
waters  where  salinity  remains  relatively  low.  The 
geomorphological  response  to  increasing  salinity  in 
the  Gippsland  Lakes  may  be  contrasted  with  the 
geomorphological  changes  that  have  followed  the 
freshening  of  the  Murray  lagoons.  Neotectonic  move¬ 
ments  may  be  partly  responsible  for  the  shape  of  Lake 
Wellington;  its  shape  seems  to  be  related  to  a  pro¬ 
trusion  of  the  former  marine  embayment  along  the 
axis  of  the  Latrobe  svncline  into  an  area  that  was 
probably  subject  to  very  recent  tectonic  subsidence. 

Farther  south,  in  Corner  Inlet,  the  coastal  barriers 
are  less  continuous  and  break  up  into  a  chain  of  bar¬ 
rier  islands.  Recent  downwarping  may  be  responsible 
for  this,  but  other  factors  are  the  increased  spring 
tidal  range  (8  feet,  compared  with  3  feet  at  the  en¬ 
trance  to  the  Gippsland  Lakes),  and  the  more  intricate 
wave  refraction  which  results  from  waves  encounter¬ 
ing  offshore  islands  and  shoals  within  shallow  coastal 
waters. 

The  Fitzroy  Estuary,  Western  Australia 

The  Fitzroy  (Fig.  6)  is  typical  of  many  rivers 
along  tlie  Kimberley  and  Northern  Te-ritorv  coasts. 
It  debouches  into  a  funnel-shaped  estuary  at  the  head 
of  King  Sound,  which  is  a  ria  sensti  lato,  as  defined 
by  Cotton  (1956).  The  Fitzroy  F.stuary  lacks  the 
complications  of  a  spit  or  barrier  construction.  The 
greater  indentation  of  this  coastal  sector  and  greater 
depth  of  the  margin  of  the  continental  shelf  may  point 
to  regional  epeirogenic  subsidence  accompanying  the 
glacio-eustatic  oscillations  (Fairbridge,  1953).  The 
mouth  of  King  Sound  is  protected  by  bedrock  islands 
and  reef  patches  in  the  Buccaneer  Archipelago  so  that 
wave  action  is  attenuated  even  during  the  northwest 
monsoon.  This  and  its  large  tidal  range  (30  feet)  are 
probably  responsible  for  the  absence  of  wave-con¬ 
structed  features,  although  diminished  yield  cf  sand 
from  a  hinterland  with  tropical  weathering  may  also 
be  a  factor.  The  funnel  shape  of  this  estuary  is  the 
optimum  configuration  for  conserving  tidal  amplitude 
as  the  tide  progresses  headwards;  in  the  absence  of 
strong  wave  action  the  river  load  is  fashioned  into 
patterns  of  shoals  and  channels  related  to  ebb  and 
Hood  currents  (Robinson,  1960).  Some  of  ike  shc..!s 
have  been  colonized  by  mangroves. 

The  outstanding  characteristic  of  this  cstuarv  is  the 
g.eat  extent  of  intertidal  land.  This  reflects  the  large 
range  of  astronomical  tides  and  their  augmentation 
during  the  wet  season  by  the  onshore  monsoon  and 
river  floods  to  give  ‘‘king  tides”.  The  mangrove 
fringe  along  the  major  channels  is  not  very  wide  in 
the  Fitzroy  Estuary,  but  there  are  large  areas  of  mud 
flats.  The  higher  parts  of  these  flats  arc  subject  to 
less  frequent  tides  and  they  turn  into  glaring  white 
salt  crusts  in  the  dry  season.  Higher  still  are  salt 
meadows  of  grasses  and  sedges  (dominated  by  spe¬ 
cies  of  Sporobolut  and  Fimbrittylis)  and  shallow  de- 
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Fig.  6.  The  Fitzroy  River  Estuary,  Western  Australia. 


press>ons,  occupied  by  salt  marsh  species,  sometimes 
termed  “salt  pans”  (Australia,  C.S.I.R.O.,  1953 
1960)  Even  the  freshwater  grassland  swamp,  domi¬ 
nated  by  Oryza  and  Eleocharis  species,  is  liable  to 
local  and  occasional  inundation  by  brackish  water. 
Lesser  rivers  feed  lagoons  in  large,  shallow,  enclosed 
basms  within  these  tidal  flats.  The  relationships  be- 
tween  plant  communities  and  the  micro-topocraphv 
await  investigation. 

Parts  of  the  inland  margin  of  the  King  Sound  tidal 
flats  are  serrated  in  plan  because  estuarine  silts  have 
been  deposited  in  corridors  within  fields  of  fixed  lon¬ 
gitudinal  desert  dunes.  The  relationships  with  Quater¬ 
nary  arid-humid  oscillations  and  changing  Quaternary 
sea  levels  have  still  to  be  estab'ished. 

Inshji;  the  Barrier  Reef 

Within  the  water  protected  by  tin  Great  Barrier 
Reef  (Fig.  7),  the  local  wind  in  rela*ion  to  coastal 
aspect  plays  a  greater  part  than  it  uoes  on  coasts 
subject  to  ocean  swell,  which  can  remain  strong  even 
after  considerable  refraction.  As  a  result,  estuaries 
in  that  area  shew  a  greater  variation  in  stvlc,  and  no 
single  type  predominates.  Many  of  these  estuaries 
however,  are  open-mouthed  and  funnel-shaped  with¬ 
out  the  complications  of  wave  built  features ;  they  re¬ 
semble  broadly  the  Fitzroy  Estuary  of  Western  Aus¬ 
tralia,  but  in  Queensland  mangrove  swamps  are  more 
extensive  than  salt  flats.  The  geological  strike  and 
topographical  trends  inland  intersect  the  coastline  at 


an  angle  so  that  many  rivers  open  northward  into 
gulls  protected  from  the  dominant  wind-waves  from 
the  southeast  and  east.  Other  estuaries,  not  facing 
north  (for  example,  the  Proserpine  River  Estuary, 
which  faces  southeast),  are  protected  by  groups  of 
islands.  Rut  for  the  barrier  reefs,  these  protected 
gulfs  would  be  more  subject  to  sand  barrier  construc¬ 
tion,  producing  “cusp  and  node”  shores  like  those  on 
the  New  South  Wales  coast  farther  south,  where 
rivers  flow  into  estuarine  lagoons  behind  depositional 
barriers.  Instead,  the  estuaries  are  funnel-shaped  and 
frequently  exhibit  well -developed  shoal  and  channel 
patterns,  as  in  the  Fitzroy  River  Estuary  at  Rock¬ 
hampton,  far  from  the  previously  mentioned  Fitzroy 
Estuary. 

Estuaries  exposed  to  the  east  and  southeast  ore 
bordered  by  small  sand  barriers  which  are  not  sur- 
mounted  bv  dunes— they  resemble  the  cheniers  of  the 
Gulf  Coast  of  the  United  States  rather  than  the  robust 
sand  barriers  of  southern  Australia.  Tlies-  cheniers 
are  not  backed  by  open  estuarine  lagoons  but  by  areas 
of  swamp  grassland,  salt  meadow,  and  mangrove 
swamp  Wave  action  has  not  been  strong  enough  to 
build  barriers  enclosing  large  bodies  of  water,  and 
only  modest  features  have  been  built  along  the  mar¬ 
gins  of  the  estuarine  alluvium.  The  estuaries  are  re¬ 
duced  to  rather  wide,  simple  river  channels,  like  that 
of  the  Tully  River. 

A  few  of  the  larger  Australian  rivers  have  been 
able  to  build  deltas  beyond  the  jeneral  line  of  the 
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coast  into  the  protected  waters  behind  the  reefs.  Of 
these,  the  Herbert  River  has  a  fairly  well-distributed 
discharge,  but  the  Burdekin  River  has  markedly  sea¬ 
sonal  discharge.  Some  chenier  development  has  taken 
place;  in  the  Burdekin  Delta  they  face  northeast,  like 
the  free  extension  into  Cape  Bowling  Green,  a  spit 
built  by  northward  longshore  drifting  where  the  trend 
of  the  coast  changes.  This  NW-SK  alignment  is  not 
perpendicular  to  the  direction-resultant  of  wind-work 
(Schou,  1952) ;  it  is  a  more  complex  resultant  in 
which  fetch  and  offshore  water  depths  participate. 
The  changing  distributary  patterns  in  the  deltas  can 
result  in  mangrove-fringed  estuaries,  which  now  re¬ 
ceive  decreased  freshwater  discharge,  sometimes  from 
previous  tributaries  of  the  river  which  built  the  delta 
(for  instance,  Seymour  Creek  in  the  Herbert  Delta). 
The  Burdekin  Delta  includes  a  number  of  estuarine 
creeks  which  were  formerly  distributary  channels  but 
which  now  receive  river  outflow  only  when  there  is 
general  flooding  in  the  delta.  Kalamia  and  Plantation 
Creeks  arc  ephemeral  estuaries  of  this  type. 

New  South  Wales  Estuakies: 

Problems  of  Infilling 

We  have  endeavored  to  select  estuaries  representa¬ 
tive  of  long  coastal  sectors,  although  for  east  Queens¬ 
land  it  was  impossible  to  select  a  dominant  type.  Con¬ 
sideration  of  some  of  the  New  South  Wales  estuaries 
may  correct  a  misleading  impression  of  simplicity. 
This  coast  possesses  a  basic  uniformity :  it  is  straight : 
it  is  subject  to  a  powerful  wave  attack  and  to  a  small 
tidal  range ;  and  it  also  has  the  "geographical  unity” 
(Andrews,  1910)  of  its  hinterland  of  high  plateaus 
with  rather  uniform  geologies’  -uik  '<*  ’  .rented 
coastal  slope.  Hie  prev«*.!m0  cl  ..r*'-*  .sta  <•  ...is 
coast  is  the  existence  of  substantial  quartz  sand  Ear¬ 
ners  and  dimes  along  zeta-curvc  lays  (Halligan. 
1906;  Jennings.  1955;  Davies.  1959)  fashioned  by  re¬ 
fracted  southeasterly  swell  and  breached  most  fre¬ 
quently  at  the  southern  side  of  the  lays  where  the 
swell  lias  U-n  most  weakened  by  refraction.  Never¬ 
theless,  within  this  broad  canvas  there  are  innumer¬ 
able  contrasts  and  departures  at  all  levels  of  magni¬ 
tude,  and  each  presents  different  research  problems. 

Excellent,  although  comparatively  small,  examples 
of  the  variation  in  degree  of  infilling  of  estuaries  are 
evident  (Fig.  Hi  in  the  Narrawallee  Inlet  and  Burrill 
lake  on  the  South  Coast  ( the  coast  south  of  Sydney ). 
Two  adjacent  small  catchments  in  broadly  similar 
topography  and  lithology  were  drowned  in  their  lower 
parts  by  the  Recent  marine  transgression  to  produce 
rias  which  were  roughly  similar  in  plan.  Rut  wtiereas 
Narrawallee  Inlet  has  been  virtually  reclaimed  hy 
infilling.  Burnll  I-ake  remains  as  an  estuarine  lagoon 
behind  a  barrier.  There  is  a  smalt  delta  at  the  head 
of  Burrill  I-ake  and  deposition  of  a  tidal  delta  in  the 
vicinity  of  the  entrance  from  the  sea  has  lessened  the 
ilepths  of  the  seaward  part  of  the  lake  to  a  few  feet ; 
deeper  water  lies  inward.  The  most  obvious  difference 
bet 'ten  the  surviving  and  the  former  estuary  is  the 
greater  height  and  steepness  of  the  bedrock  slopes 
around  Burrill  Lake  than  those  around  the  flats  of 


Fig.  8.  Tlie  Narrawallee  Inlet  and  Burrill  lake  F.stu- 
arics,  New  South  Wales. 


Narrawallee  Creek.  A  possible  explanation  is  that 
the  Narrawallee  Inlet  was  much  shallower  at  the 
height  of  Recent  submergence  and  more  quickly  filled. 
Such  an  explanation,  implying  a  coastal  haneing 
valley,  has  its  difficulties:  for  example,  the  offshore- 
contours,  which  are  subject  to  smoothing  by  marine 
action,  do  not  indicate  that  the  two  valleys  were  cut 
to  different  depths  prior  to  drowning. 

Similar  catchments  of  medium  size  along  the  South 
Gast  present  the  same  contrast  (Fig.  9):  the  Clyde 
River  has  retained  an  o|>cn  ria  character  with  very 
little  natural  reclamation,  hut  in  contrast  the  Moruy.i 
Estuary  has  been  much  diminished.  Both  pass  through 
bedrock  upland  "gates”  of  much  the  same  width  at 
about  the  same  distance  from  the  general  line  of  the 
outer  coast.  Again,  although  they  may  lie  misleading, 
the  offshore  contours  do  not  indicate  that  the  Civile 
was  cut  more  deeply,  or  that  more  sediment  »a> 
needed  to  fill  Bateman’s  Bay  than  the  lay  of  which 
the  Moruya  Estuary  now  occupies  but  a  small  ’art 
It  is  true  that  the  Moruya  brings  down  large  quanti¬ 
ties  of  sand  eroded  from  outcrops  of  deeply  weathered 
granite  during  flash  floods,  as  in  1925.  but  the  propor¬ 
tion  of  coarse- grained  rocks  is  similar  in  the  two 
catchments;  they  are  broadly  alike  topographically 
and  the  nature  and  amount  of  sediment  yield  should 
be  much  the  same 

The  contrast  in  rates  of  estuarine  infilling  t»  alv. 
posed  in  the  largest  coastal  catchments  in  New  South 
Wales  (Fig.  10).  Broken  Bay  is  not  a  ria  ir.  the 
strictest  sense,  but  it  is  a  classic  example  of  a  dendritic 
drowned  valley  transverse  to  the  coast.  The  mouth  is 
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still  wide  op.n  between  rocky  headlands,  and  there 
has  been  relatively  little  re-creation  of  land  within  the 
tidal  reaches  of  Broken  Bay  and  Hawkestwry  River, 
which  hydrological iy  have  a  free  cellular  circulation. 
To  the  south,  with  a  smaller  catchment,  the  Shoal- 
haven  River  has  practically  filled  a  broad  embayment 
behind  coasta'  sand  harriers  with  deltaic  sediment.  To 
the  north  the  Hunter  River,  with  a  catchment  roughly 
e»|uat  to  the  Hawkeshury's.  has  advanced  nearly  as 
far  in  natural  reclamation  as  the  Shoalhaven. 

A  number  of  hy|iothese*  present  themselves : 

1.  On  the  llawkcdiury  River  system,  the  Cum- 
lierlaiul  Plain,  an  interior  basin  elose  to  sea  level, 
has  acted  in  some  degree  as  a  sediment  trap. 

2.  Tli  effect  may  have  been  accentuated  by 
tectoni;  sagging  of  the  Cumberland  11a in  (  Walker 
ami  Hawkins.  1957). 

3.  It  is  possible  that  sediment  yield  ha*  l to 
low  from  the  hirhly  permeable  sands  tore  terra-n 
around  Broken  Bay  where  surface  runo  T  is  rela¬ 
tively  small. 

•4.  After  submergence.  Broker  Bay  was  kft  with 
a  much  narn  er  mouth  than  the  estuaries  of  the 
Hunter  and  the  Shoalhaven.  This  may  have  in¬ 
duced  greater  tidal  scour,  which  prevented  the 


formation  of  spits  and  barriers  at  the  entrance. 
A  relatively  sheltered  lagoon  environment  like 
that  of  the  I^jwer  Shoalhaven,  which  promotes 
natural  reclamation,  was  never  established. 

5.  After  submergence,  Broken  Bay  may  have 
been  deeper  than  the  Hunter  and  Shoalhaven 
Estuaries,  so  that  its  infilling  was  a  larger  task. 
There  is  no  evidence  of  any  deep  channel  cross¬ 
ing  the  continental  shelf  here.  Moreover,  it  has 
long  been  known  (Hedley,  1910)  that  the  inner 
part  of  this  shelf  has  been  !:ept  clear  of  Recent 
deposits,  thus  minimizing  the  fossibility  of  oblit¬ 
eration  of  a  channel  by  marine  sedimentation. 
Surveys  of  the  submarine  topography  off  the 
New  South  Wales  coast,  n  w  in  progress,  may 
throw  some  light  on  this  matter. 

But  this  geoniorphological  problem  in  Australian  estu¬ 
aries  remains  virtually  uninvestigated  as  yet. 

EXCEPTIONS  AND  TRANSITIONS 

There  are  estuaries  on  four  sectors  of  the  Aus¬ 
tralian  coast  which  do  not  fit  the  broad  categories  of 
regional  types.  In  South  Australia.  Spencer  Gulf  and 
Gulf  St.  Vincent  are  less  affected  by  refracted  ocean 
swell  than  the  rest  of  the  southern  coast  of  the  con¬ 
tinent,  and  toward  the  heads  of  these  gulfs  the  tidal 
ranges  increase  considerably.  Wave  action  is  related 
primarily  to  w<nd  conditions  and  local  fetch  within 
these  gulfs;  as  it  is  less  strong  and  less  regular  the 
barrier  construction  is  correspondingly  poor.  Some  of 
the  rivers  flowing  into  these  gulfs  have  deflected  estu¬ 
aries;  for  example,  the  Torrens  Estuary  is  deflected 
northward  by  the  building  of  the  sand  spit  on  which 
Port  Adelaide  stands.  Others  have  mouths  unen¬ 
cumbered  by  sand  deposition:  the  Wakefield  River 
enters  the  head  of  G”,f  Vincent  where  the  shore 
i«  ^ordered  by  tut’.'  tali  marshes  and  mangrove 
swamps  without  sand  spits  or  barkers.  Such  estuaries 
have  more  in  common  with  those  of  the  northern  Aus¬ 
tralian  guii's  than  those  of  the  southern  roast. 

Although  the  southern  shores  of  ihc  Gulf  of  Carpen¬ 
taria  are  not  protected  by  coral  reefs  or  depositional 


10.  TV  Hunter  River,  Hswkesbury  Rnrr.  and 
Shoal  ha  «m  River  Kitnariev,  New  South  Watr* 
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barriers,  wave  action  is  weakened  hy  attenuation  in 
passing  through  broad  tracts  of  shallow  water.  Little 
is  kn  iwn  of  the  tides  on  this  part  of  the  coast.  Imt 
they  are  thought  to  lie  relatively  small  compared  with 
those  of  the  gulfs  farther  west  In  these  circumstances, 
rivers  such  as  the  Mitchell  and  the  Flinders  have  esni- 
aries  bordered  by  depositional  plains,  with  corridors 
of  swampland  between  wave-built  cheniers  of  sand 
and  shell.  They  resemble  the  estuary  of  the  Tully 
River  on  the  east  Queensland  coast,  where  low  wave 
energy  is  a  con:e-|uctice  of  barrier  reef  protection,  and 
are  in  marked  contrast  to  the  funnel-sha|ied  estuaries 
of  the  guits  farther  west. 

On  the  south  coast  of  Queensland,  beyond  the  pro¬ 
tection  of  the  Great  Barrier  Reef,  large  depositional 
features  at  Fraser  Island,  Stradbroke  Island,  and 
Moreton  Island  afford  partial  protection  to  river 
estuaries.  The  Bris-ane  River  opens  into  the  rela¬ 
tively  sheltered  waters  of  Moreton  Bay  by  way  of  a 
deltaic  tract,  and  off  its  mouth  are  complex  shoal 
patterns,  with  ebb-and-flood  channels.  This  estuary  is 
transitional  between  the  east  Queensland  type  behind 
the  barrier  reefs  and  the  enclosed  type  of  the  New- 
South  Wales  coast  to  the  south. 

Finally,  on  the  southeastern  coast  of  Tasmania, 
around  Storm  Bay,  is  an  extensive  ria-type  coast,  j>os- 
sibly  influenced  by  epeirogenic  or  local  tectonic  sub¬ 
sidence.  In  these  terms  it  is  comparable  with  the  gulf 
coast  of  northern  and  northwestern  Australia,  but 
differs  in  that  tidal  range  remains  low  ('3  feet  at  Ho- 
hart ) .  and  ti-at  most  of  the  shoreline  is  reached  bv 
the  refracted  southern  ocean  swell  (Davies,  1959 ». 
Depositional  shoreline  features  include  curved  lieachcs 
and  harriers,  spits,  and  tom  hoi  os.  which  deflect  and 
locally  seal  off  the  mouths  of  the  smaller  users.  The 
Derwent  Fstuary.  however,  is  unenclosed  and  opens 
into  the  northwestern  comer  of  Storm  Bay. 

With  these  exceptions  am!  transitions,  broad  re¬ 
gional  types  of  estuaries  may  be  revognired.  Consid¬ 
eration  of  the  varied  degree  of  infilling  in  the  New- 
South  Wales  estuaries  has  shown  that  static  factors, 
such  as  geological  structure  ami  hinterland  gmmnr- 
{diology.  loom  large  on  the  local  scale.  These  factors 
are  particularly  important  when  comparison.-,  are  nude 
between  neighboring  systems  When  widely  yrfuraterf 
estuanne  systems  are  compared.  full  account  must  be 
taken  of  the  dynamic  factors  that  vary  regionally  on 
the  roasts  of  the  Australian  continent. 
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Estuarine  Research  in  the  Danish  Moraine  Archipelago 
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I 'cm mark  is  an  archipelago  m  the  strictest  sense. 
It  includes  the  p-ninsula  of  Jutland  (30,000  km*), 
and  it  has  a  coastline  of  over  7,400  km.  In  compari¬ 
son,  742  km  would  enclose  the  area  if  Denmark's  land 
was  not  so  dissected  by  water. 

TIDAL  ENVIRONMENT  IN'  DENMARK 

In  the  estuarine  environment  of  this  irrbipehgn, 
the  tides  and  tidal  currents  play  a  do-iinant  role  in 
shoreline  development  and  in  the  formation  of  off¬ 
shore  relic'  features  by  elusion  and  sedimentation. 
Tlie  tidal  utige  (  Fir.  I  I  of  the  North  Sea  near  the 
Danish-German  txirdcr  is  2  m.  In  F.shjerg,  the  dif¬ 
ference  between  the  tid’d  levels  is  only  1.5  in.  and 
along  the  western  coast  of  Jutland,  farther  north,  the 
range  diminishes.  At  the  Seaw  spit,  near  the  entrance 
to  the  inner  Danish  seas,  the  tidal  range  is  msigniti- 
-ant  liecause  of  the  interference  of  the  North  Sea 
ampliidromic  system  In  the  Kattegat,  as  well  as  in 
the  lialtic.  only  very  small  waves  are  generated.  The 
small  tidal  amplifies  are  normally  entirely  masked 
by  non-(>eriudic  changes  of  level  which  are  caused  by 
w  utd  pressure.  Thus,  estuarine  conditions  occur  only 
on  the  southwest  shoreline  of  the  Jutland  Peninsula. 

ill  AC  IO- 1.  illusion  I- II  Ul  iH.lC.SI.  C  ?*  A«.SCTt«  IS1  U  s 

The  types  of  coasts  ami  the  development  of  the 
dhirrlmes  arc  caused  by  an  interplay  between  two 
distinctly  different  phenomena:  y  I  >  the  ge  logical 
structures  of  the  land  and  ;  2  i  tlie  marine  actis  ities  of 
tlic  surrounding  seas  Denmark  is  an  area  of  glacial 
acriimu'  ition  iomtol  by  ilep>>sitinn  in  the  nurgnsal 
lairs  of  she  llrisforenc  icecap  Tlie  'errestrial  micl-i 
winch  lorm  tlie  skeleton  of  the  Danish  lan»lsca|»e  p>i 
tern  oais.st  of  ttw  rtwmsuis  ipunl'tn  »  of  huuhkrs. 
gravel  sam!  am!  day  tlial  form  a  pattern  s*t  n*ora>«c 
l.ifwlwaja-s  and  glaeiofluv  ul  jJatn*- 

Ihiring  thr  kiss  S.sale  glacials**!,  IVnmafk  was 
eotnj-lrtriy  covered  by  an  icecap.  In  the  last  glacial 
prrnal.  the  \\  urm  \VeicF*rl  gtacutwv-  the  extreme 
limits  of  ,l«e  icecap  d  d  not  cover  the  vmi(|i*ri(. m 
[v»rt  of  thr  peninsula  ni  Jutland,  which  rsplnni  thr 
great  difference  in  the  types  of  coast  and  idel  that 
rxtst  between  wrsle-w  and  eastern  IVnmark 

The  mam  stationary  ime  at  the  last  ice  sheet 
though  Jutland  i  Fig  I  t  it  a  gesuito-rphologiea;  Inf 
ilrflirte  af  distinct  vgrtihcanrr  ScMlhws-%1  of  tbit  line, 
ntd  neriine  lamlscapes  at  the  K  is*  Saale  gtaci'tioei 
lie  between  the  vast  out  wash  plains  of  the  tail  glacial 


iieriod ;  this  region  is  characterized  by  its  flat  topog¬ 
raphy. 

Beneath  the  glacial  deposits  in  the  southwestern 
part  of  Denmark,  Tertiary  sediments  of  sand  and  clay 
have  liecn  found.  Cretaceous  limestones,  which  fumi 
a  mosaic  of  dislocated  layers  under  the  whole  Den¬ 
mark  area,  do  not  crop  out  in  this  area  as  in  the 
northern  and  eastern  part  of  Jutland  and  on  the 
Danish  islands  <  Fig.  1).  The  shoreline  development 
in  the  Danish  tub!  area  has  not  been  determined  by 
resistant  rocks,  hut  bv  glacial  deposits  and  other  non- 
resistant  loose  sediments  From  a  geological  point 
of  view,  alterations  are  rapid  when  new  environmen¬ 
tal  factors  are  introduced.  This  area  has  a  special 
value  as  a  research  held,  because  of  this  adjustment 
of  the  relief  complexes  to  establish  equilibrium  forms 
in  resjionse  to  new  influences.  Short-time  observa¬ 
tions  can  give  -csults  which  under  less  favorab’e  con¬ 
ditions  can  be  obtained  only  by  means  of  less  accurate 
historico-cartographic  methods. 

The  construction  of  tlie  dam  which  connects  Jut¬ 
land  with  the  island  of  Kpmo  has  served  as  *  gigantic 
experiment.  Observations  concerning  sedimentation, 
ti  ial  creek  development,  ebb  channels,  and  Hood  chan¬ 
nels  have  increased  our  knowledge  of  coastal  geomor- 
phology. 

Mv«i\r  AiTivt  i 

TVc  ere  pronounced  'blK-rcncn  in  marine  activity 
hetveem  the  North  Sc.-.  and  the  inner  Danish  seas 
such  as  the  Kattegat,  the  Danish  Straits,  and  the  t-al 
In  the  North  Sea.  the  maximum  height  of  waves 
tv  5  m.  hot  in  the  t brush  part  of  tlie  Baltic,  only  3  m. 
As  a  result,  tlie  west  c  u*t  of  luiland  is  exposed  tr> 
-Irimg  wave  activity.  .Tie  fetch  in  the  northwesterly 
directum  range*  brtwe  I  s**)  ami  ,VX)  km.  ami  water 
depth*  of  10  ni  may  am  r  very  near  the  coast. 

The  west  coast  of  Jutland.  with  its  no  th  south 
vinentati-.m.  is  almost  a  Miaight  lute  Marine  activity 
driven  by  wrx'rriy  winds  bvs  simplified  the  shoreline 
The  orient-vf net  of  the  shoreline  »a»  net  determined 
hv  thr  initial  rHief.  hut  bv  the  infer*  of  the  sea 
These  Infer*,  ir  turn,  arc  governed  by  the  direction, 
resultant  of  the  wind  i  DRW  i  Thr  terminant  difcc- 
l*«  «'  ihr  dvfdinc  h.-s  lirv rl* •yirvl  at  right  angle*  to 

DRW  I  Sehnri.  |*AJ;  (Vo.lrhrr.  1954.  195*)  The 
sea  Has  rtuW  rles  aled  land*  and  has  buih  bar*  at 
the  nmtths  of  the  intermediate  lay*.  A  me  n*’  dene 
landscape*  ha*  dev  doped  along  the  writ  raw,  free 
the  Vast  to  fUa.  sands  link,  west  of  Eabierg  »*:-* 
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continues  southward  on  the  west  c  -a. !  *  •’ 

oi  Pan?,  Mandd,  and  R0m0.  The  area  between  these 
islands  and  the  coast  of  Jutland,  extending  from  the 
German  border  northward  to  the  Bay  of  Ho  Bugt, 
forms  Vadeiiavet,  the  Danish  tidal  region  f  Fig.  2). 

Tidal  Flats  and  Tidal  Channels 

Wide  tidal  flats  extend  seaward  from  reclaimed 
marshes  on  the  Jutland  coast  and  arc  dissected  by 
systems  of  tidal  creeks  and  tidal  channels.  The  largest 


...ivo  an.-  Cii*au>D,  between  me  peninsula  oi 
Skallingen  and  the  island  of  l-'an0 ;  Knudedyb,  be¬ 
tween  the  islands  of  Fanp  and  Mandp ;  Juvre  Dyh. 
between  Mandp  and  K0m0;  and  Listerdyb,  south  of 
R0m0  and  north  of  the  German  island  of  Sylt. 

The  Danish  tidal  and  tidal  marsh  areas  cover  ap¬ 
proximately  200  km2 * 4.  These  wide  shallow  stretcher- 
are  called  "waddens".  which  are  areas  under  water  at 
flood  tide  and  dry  at  ebb— the  existence  of  the  wad¬ 
dens  is  conditioned  by  the  vast  expanse  of  the  out- 


100  km 


m  i 

nrrn  2 


NORWAY 


0m  E 


SWEDEN 


y  y 

J  Skagerrak 


Th#  Scow 


H  6 
07 
ED  s 
H  9 


^Gothenburg 


Kattegai 


o.’’  ■*- 

A. 

*■  o 


/  Esbjerq1 


Fbno  //fy\ 
Mandtf  / J f 


\ps8l 

|f|| 

%  Itte  r 

a)  |j 

y?  i jrrwjr'ir.  t 

*  --^=i 

* 

Copenhagen 


.Man  \ 

■  , 


t S 


Fig.  1.  The  physico-geographical  environment  of  the  Danish  moraine  archipelago  (Schou,  1960). 


1.  Area  where  limestone  rocks  form  the  substratum  un¬ 
der  the  Quaternary  deposes. 

2.  Old  moraine  landscapes,  Riss-Saale  glaciation. 

.1.  Outwash  plains  of  the  Wiirm-Weichsel  glaciation. 

4.  Predominant  young  moraine  landscapes,  Wtirm- 
Weichsel  glaciation. 


5.  Main  stationary  line  of  the  last  glaciation. 

6.  Terminal  moraine  in  the  Djursland  Peninsula. 

7.  Lines  of  equal  elevation  since  the  S'one  Age  (Lit- 
torina-Tapes  epoch). 

8.  Lines  of  equal  tidal  amplitude. 

9.  Direction  resultant  of  wind  work. 
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the  study  of  tidal  flats,  salt  marshes,  and  dunes  on 
the  peninsula  of  Skallingen. 

In  1938  a  branch  of  Skalling-Laboratoriet  was  es¬ 
tablished  in  Esbjerg,  where  the  port  authorities  and 
others  provided  a  building  and  equipment  for  sedi- 
mentological  and  hydrographic  analyses  and  biological 
experiments. 

Since  1930,  Skalling-Laboratoriet  has  conducted  a 
great  number  of  research  investigations,  which  in¬ 
cluded  :  ( 1 )  the  natural  formation  of  salt  marshes ; 
(2)  the  biological  conditions  in  dunes,  salt  marshes, 
and  tidal  flats;  (3)  sand  drift  and  sand  deposition; 
(4)  tidal  processes;  (5)  transport  of  materials;  (6) 
soil  conditions;  (7)  habitation;  (8)  general  coastal 
evolution;  and  (9)  the  formation  of  channels.  The 
results  cf  these  studies  have  been  published  in  “Med- 
delelser  fra  Ska'ling-Laboratoriet”,  volumes  I-XVII. 
Annual  grants  from  the  Carlsberg  Foundation,  en¬ 
couragement  of  the  Esbjerg  authorities,  and  aid  Lom 
other  institutions  have  made  it  possible  to  carry  on 
this  research  and  to  maintain  the  two  laboratories. 

Comprehensive  hydrographic  studies  of  the  tidal 
area  between  Esbjerg  and  the  German  frontier  were 
conducted  between  1938-1941.  A  systematic,  quanti¬ 
tative  analysis  of  sediment  drift  was  also  initiated 
which  emphasized  the  study  of  sedimentation  in  areas 
close  to  the  coast,  particularly  the  beach  meadows. 
The  work  was  performed  with  the  cooperation  of  the 
Danish  Ministry  of  Public  Works,  the  Danish  Minis¬ 
try  of  Agriculture,  and  the  Department  of  Hydraulic 
Engineering. 

In  the  years  following  World  War  II  it  was  recog¬ 
nized  that  a  need  existed  for  studies  of  land  reclama¬ 
tion  as  related  to  economic  life  and  conditions  of  habi¬ 
tation.  Competent  authorities  realized  that,  to  arrive 
at  methods  which  would  serve  this  purpose,  it  would 
be  necessary  to  combine  fundamental  research  with 
an  experimental  approach.  This  preliminary  work 
was  directed  by  Niels  Nielsen. 

Organization  and  Scope 

The  work  was  organized  to  promote  cooperation 
between  the  Skalling-Laboratoriet  and  "De  Danske 
Vade-  og  Marskunderspgelser”.  The  former  under¬ 
took  the  solution  of  questions  in  the  northern  part  of 
the  wadden  area,  and  the  latter  conducted  investiga¬ 
tions  in  the  region  extending  from  the  isle  of  Mandrt 
to  the  German  frontier.  Centers  were  established  in 
Skaerbaek  and  in  Tender,  and  were  combined  with 
the  laboratories  in  Esbjerg  and  those  on  Skallingen. 

At  Skaerbaek,  the  majority  of  work  was  concen¬ 
trated  on  studying  the  tidal  flats,  while  at  Tpnder  the 
study  of  the  diked-in  salt  marsh  areas  (polders; 
Danish:  kog)  was  pursued.  The  analysis  of  data  has 
been  carried  out,  for  the  grea.er  part,  in  the  Ge¬ 
ographical  Institute  at  the  University  of  Copenhagen. 
The  results  have  been  represented  in  reports  to  the 
Danish  Ministry  of  Agriculture  and  in  publications 
of  the  Royal  Danish  Geographical  Society. 

Since  1958,  research  work  at  the  four  stations  has 


continued.  Further,  an  experimental  f.?Id  for  recla¬ 
mation  of  land  and  a  department  for  surveying  have 
been  established  close  to  the  village,  of  Rejsby.  In 
1964,  Skalling-Laboratoriet  was  taken  over  by  the 
University  of  Copenhagen  as  a  field  laboratory  for 
the  Department  of  Geography. 

Program  of  Estuarine  Research  Work 

Nielsen  began  to  study  salt  marsh  ievelopnient  in 
1931  (Nielsen,  1935a,  h,  c),  and  soon  thereafter  hy¬ 
drographic  research  facilities  were  established  to 
measure  the  velocity  of  tidal  currents  and  the  volume 
of  tidal  water  exchange,  in  order  to  estimat:  the 
transport  caused  by  flood  and  ebb  currents  (Gry, 
1942). 

When  basic  studies  regarding  reclamation  planning 
were  incorporated  as  part  of  the  research,  surveying 
was  organized.  The  bottom  of  tho  wadden  area  i3 
seemingly  flat.  However,  the  very  small  variations  in 
topography  are  so  important  that  it  was  necessary  to 
design  maps  in  such  a  way  that  the  relief  features 
could  be  clearly  demonstrated.  The  surveying  meth¬ 
ods  have  made  it  possible  to  produce  maps  in  the 
scale  1:10,000  with  a  10  cm  contour  interval.  De¬ 
scriptions  of  the  mapping  project  and  details  of  the 
surveying  technique  are  described  by  Jakobsen  (1963) 
and  Mpller  ( 1960,  1961).  The  mapped  area  covers  a 
zone  from  the  German  border  to  the  island  of  Mandp ; 
its  width  extends  2-3  km  outside  the  mean  high  tide 
(MHT)  shoreline.  The  tidal  area  of  the  Juvre  Dyb, 
between  the  islands  of  Rpm0  and  Mandp,  has  been 
mapped  in  the  scale  1 : 25,000. 

The  program  also  includes  investigations  of  vege¬ 
tation  (Jakobsen,  1963;  Jakobsen  and  Jensen,  1956; 
M  (filer,  1964),  analysis  of  soil  and  the  wadden  sedi¬ 
ments  (Hansen,  1951),  and  tide  gauge  measurements 
and  research  concerning  suspended  sediments  (Jakob¬ 
sen,  1961 ).  The  geomorphology  and  dynamics  as  well 
as  the  developmental  stages  of  the  tidal  creeks  have 
been  studied  in  detail  (Jakobsen,  1962).  The  man- 
influenced  alterations  in  sedimentation  caused  by  the 
construction  of  the  Rpmp  Dam  have  been  investigated 
(Olsen,  1959)  and  the  same  phenomenon  under  nat¬ 
ural  conditions  also  has  been  studied  (Mjfller,  19611. 
In  the  Tpnder  area  paleogeographical  investigations 
were  conducted  to  widen  the  knowledge  concerning 
the  morphogenetic  development  of  the  Danish  salt 
marsh  region  (Jacobsen,  1959). 

The  soil  types  and  their  local  variation  during  post¬ 
glacial  periods  have  been  studied  in  the  old  polders 
of  the  Tender  region  through  an  extensive  boring 
project  (Jacobsen,  1960a,  1964),  and  land  use  maps 
have  been  prepared  to  establish  a  base  for  regional 
planning  (Jacobsen,  1960b).  Population  problems  and 
the  distribution  of  habitations  have  been  studied  (Jes- 
persen,  1959,  1961 )  to  obtain  information  concerning 
human-geographical  patterns  of  a  former  estuarine 
environment  reclaimed  as  an  agricultural  area  and 
cultivated  for  centuries. 
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RESULTS  OF  RESEARCH  WORK 

Erosion  Forms  :  Tidal  Creeks 
and  Tidal  Channels 

Waters  carried  in,  over,  and  out  from  the  marsh 
meadows  every  day  are  the  cause  of  peculiar  erosion 
phenomena,  apart  from  their  role  in  sedimentation. 
When  the  water  at  flood  tide  is  high  over  the  whole 
meadow  surface  there  is  little  movement.  But  when 
ebb  begins,  water  movement  gradually  increases  and 
locally  becomes  actively  erosive.  Channels  with  verti¬ 
cal  walls  are  formed,  because  of  the  fine  grain  and 
cohesion  of  the  loam.  These  channels  are  also  sub¬ 
jected  to  erosion  by  the  inflowing  water  until  the  level 
is  sufficiently  high  to  allow  the  water  to  spread  over 
their  banks. 

The  channels  form  river-like  arms ;  the  small  ones 
converge  in  the  tidal  area  to  form  larger  ones  which 
continue  into  the  channels  and  end  in  the  deeps.  The 
latter  are  the  largest  erosion  channels  ,n  this  curious 
tidal  region.  In  Graadyb,  between  Skallingcn  and 
Fan0,  the  depth  is  great  (16  m)  and  there  are  similar 
depths  in  Knudedyb  between  Fanp  and  Mand0.  The 
depth  ranges  up  to  35  m  in  Listerdyb.  The  deeps  end 
5  km  west  of  the  islands.  With  sand  brought  from 
adjacent  sea  areas,  the  material  which  is  carried  out 
forms  bars  which  have  only  a  few  meters  of  water 
over  them. 

The  initial  developmental  stages  of  these  tidal  chan¬ 
nels  have  been  studied  by  jakobsen  (1953),  who 
pointed  out  that  the  invasion  of  vegetation  is  inti¬ 
mately  related  to  the  formation  of  tidal  tieeks,  which, 
by  headward  erosion,  spread  kick  into  the  sand  flat 
(Figs.  4  and  5).  The  foundation  on  which  the  marsh 
has  formed  is  sand  flat  of  a  higher  elevation  than  the 
normal  tidal  flats ;  hence,  it  is  not  covered  hy  all  high 
tides.  The  salt  marsh  on  the  eastern  part  of  the 
peninsula  of  Skallingen  has  develojied  since  the  be¬ 
ginning  of  this  century,  when  several  gaps  in  the 
dunes  were  closed  by  dams.  There  seems  to  be  some 
correlation  between  the  formation  of  that  protective 


Fif.  4.  Research  area  on  the  east  shore  <>f  the  peninsula 
of  Skallingen,  west  of  Ksbjerg  I  hits  and  figures  indicate 
sample  localities.  The  dotted  line  encloses  the  maps  m 
Fig.  5  (From  Jakobsen,  WSJ). 


bar  against  the  inroads  of  the  North  Sea  and  the 
spreading  of  the  vegetation  on  the  sand  flat.  The  first 
marsh  developed  from  small  islands  along  the  coast 
of  the  wudden,  and  probably  at  the  same  time  the 
poorly  drained  inner  part  of  the  flat  was  covered  with 
Salicornia  and  algae;  in  the  lower  parts  of  the  flat, 
numerous  salt  pans  developed.  The  spreading  of  the 
vegetation  depended  on  the  drainage  of  these  salt 
pans,  which  was  facilitated  by  the  development  of  a 
tidal  creek  pattern. 

The  mature  stages  of  the  tidal  channels  have  been 
described  by  Jakobsen  from  (Mints  of  view  initially 
introduced  in  coastal  geomorphology  by  Van  Veen 
(1950).  According  to  Van  Veen’s  hypothesis,  all 
tidal  channels  are  cut  into  ebb  channels  and  flood 
channels.  This  is  caused  by  the  transput  of  sand  in 
opposite  directions  during  the  ebb  and  flood,  and  the 
different  way  in  which  the  two  types  of  currents 
meander  (Fig.  6).  The  results  of  detailed  surveys 
and  systematic  observations  of  current  velocity,  vari¬ 
ations  of  water  level,  and  the  amount  of  tidal  ex¬ 
change  have  been  reported  by  Jakobsen  (1962)  and 
are  summarized  here;  An  ebb  channel  is  generally 
open  to  the  ebb  current  and  has  a  bar  at  its  mouth, 
while  a  flood  channel  is  generally  open  to  the  flood 
current  and  has  a  bar  at  the  upper  end.  The  mor¬ 
phology  of  the  tidal  areas  is  caused  primarily  by 
the  tidal  currents,  and  most  sections  are  dominated 
by  either  the  ehb  current  or  the  flood  current  (Figs. 
7,  8,  9,  and  10).  Hydrographic  measurements  and 
soundings  in  the  tidal  channel  Juvre  I ’riel  at  Rdm0 
(  Fig.  10)  indicate  that  ebb  channels  and  flood  chan¬ 
nels  are  formed  by  ehb  and  flood  currents,  respec¬ 
tively,  and  not  by  a  combination  of  the  two.  Since 
both  currents  occur  in  the  same  tidal  channel,  they 
will,  however,  influence  and  transform  ebb  and  flood 
channels. 

The  tidal  channels  in  the  marsh  and  in  the  Danish 
wadden  are  generally  formed  by  the  ebb  current.  In 
the  month  area,  the  ehb  channel  is  often  narrow  and 
deeply  cut  with  a  kar  formation  in  the  very  mouth. 
Often  mouths  of  the  tidal  channels  are  unfavorably 
situated,  and  the  flood  current  may  flow  across  the 
waddens  at  the  mouth  area  into  the  tidal  channel. 

During  tlie  initial  portion  of  the  flood  tide,  while 
the  water  level  is  still  low,  the  flood  current  will  fol¬ 
low  the  meandering  main  channel ;  as  the  water  level 
rises  and  the  strength  of  the  current  increases,  the 
flood  current  may  cease  to  adapt  to  the  meanders  of 
the  ebb  cliannel.  The  flood  current  may  diverge  from 
the  channel  and  overflow  the  waddens.  locally  form¬ 
ing  flat,  tongue-formed  flood  channels,  and  may  pene¬ 
trate  ami  shorten  the  meamlers  of  the  ehb  channel 
In  this  way  skirt,  relatively  deep,  rectilinear  flood 
cliannrls  arc  nude,  surrounded  hy  horseskie  is»r*  at 
the  up|»rr  end  I  Figs.  7.  X.  9,  and  HD.  The  formation 
of  the  flood  !urs  may  cause  the  ebb  channel  to  mean- 
iler  still  more.  The  Juvre  I'rirl.  a  tidal  channel  north 
and  east  of  the  island  of  KfNnd,  has  been  the  site  of 
a  magnificent  experiment  executed  under  natural  con¬ 
ditions.  During  the  years  1939-19*8,  the  island  was 
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Fig.  5.  Spreading  of  the  vegetation  on  a  tidal  flat.  Peninsula  of  Skallingcn.  The  vegelatiunal  development  i. 
governed  hv  the  drainage  of  salt  pans  in  the  inner  part  of  the  flat  caused  by  headward  erosion  of  tidal  creeks  (From 
Jakuinen,  1953). 


4.  Windblown  sand  area  behind  the  dunes. 

5.  Ditches. 


was  further  increased  since  the  tide  arrived  at  Juvre 
Dyb  later  than  at  Listerdyb  to  the  south.  Because  the 
low  tide  arrives  earlier  at  Listerdyb  than  at  Juvre 
Dyb.  one  might  expect  a  southward  current  to  be 
pioduccd:  however,  the  height  of  the  watershed  and 
tire  prevailing  (WSW)  winds  prevented  the  creation 
of  such  a  flow,  and  tlie  resulting  current  became  a 
one-way,  northward  stream. 

The  Juvre  Prid  began  to  develop  rapidly  as  a 
result  of  the  new  conditions  brought  about  by  the 
construction  of  the  Romp  Dam.  As  there  was  a  dan¬ 
ger  of  encroachment  by  this  channel  on  the  eastern 
dikes  of  Rump,  the  channel  was  kept  under  observa¬ 
tion  and  periodically  surveyed.  Kven  though  the  Juvre 
!*r»el  is  a  phenomenon  influenced  by  man.  it  is  evident 
that  the  dynamics  of  erosion  in  this  particular  case 
are  typical  for  tidal  channels.  Ti«e  development  of  sig¬ 
nificant  erosions!  features  in  the  tidal  Sat  pattern  have 


1.  Draining  of  salt  pans. 

2  l«il*iH  /’nci-mW/wi  >.  the  Salic  >mia-algac  flat. 

3.  Ridge  of  windblown  sand. 

connected  with  Jutland  by  ihc  Kdmp  Dam,  which  has 
a  length  of  9  km  I  Figs.  J  and  111.  The  conditions 
existing  in  the  region  of  tlic  dam.  based  on  Olsen’s 
investigations  (1959).  can  lie  ilescrihcd  as  follows: 
The  tides  of  the  region  are  derived  partly  through 
Listerdyb  to  the  suuth  an**  partly  through  juvie  Dyb 
to  the  north  of  the  isle  of  Rump.  The  tide  decreases 
from  south  to  north,  ami  high  water  occurs  later  in 
Juvre  Dyb  than  in  Listerdyb.  Because  of  this,  an 
equalization  of  the  water  levels  at  high  tide  took  place 
between  the  two  tidal  regions  before  the  construction 
of  the  dam.  This  produced,  from  east  to  west,  a  north¬ 
ward  current  creating  the  three  channels:  Pajdyh, 
Rvvtnp  la-je,  and  Rpmd  Dyb.  Observations  of  the 
water  levels  in  1955  in  Rpmp  Dyb  to  the  south  and 
north  of  the  dam  proves!  that  the  high  water  level  was 
2-4  cm  higher  to  the  south  of  the  dam  than  to  the 
north  on  quiet  days.  This  difference  of  water  level 
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Fig.  6.  A  tidal  channel  divided  into  ebb  and  flood  ctian- 
nels  by  the  different  meander  action  of  the  ebb  and  flood 
currents,  according  to  Van  Veen  ( From  Jakobsen,  19b2) . 


Fig.  7.  Wadden  gully  divided  into  ebb  and  flood  chan¬ 
nels.  The  flood  current  cuts  into  the  main  channel's  me¬ 
andering*  and  forms  bars  1  and  2,  which  will  force  the 
ebb  channel  to  meander  still  more.  The  levees  result  from 
the  deposition  of  the  flood  current  cn  the  outer  side  of  the 
bend.  Large  levees  are  formed  where  the  bend  is  very 
sharp.  F — The  prevalent  direction  of  the  flood  current. 
E — The  prevalent  direction  of  the  ebb  current.  B — The 
main  channel — mostly  ebb  channels.  .''.-  Circulating  sand 
currents  around  a  flood  bar  at  I  t  and  L«  levees  (From 
Jakobsen,  1562). 


Fig.  8.  Ebb  ami  flood  channels  in  the  salt  marsh 
As  a  consequence  of  the  high  level  of  the  salt  nwsli 
(higher  than  MHT)  Tie  flood  current  is  relatively 
stronger  in  these  creeks  than  in  the  wadden  gullies.  The 
Htsid  bars  l  and  2  are  correspondingly  more  dominating 
and  form  flood  deltas  in  die  main  channel  b,  which  will 
be  cut  into  separated  ebb  channels.  For  explanation  of  the 
symbols,  see  Fig.  7  ( From  Jakobsen,  1962). 

been  studied  and  mapped,  stage  by  stage  (Jakobsen, 
1962  >.  Similar  features  have  been  described  from 
other  parts  of  the  wadden  ( M Oiler,  1964). 

The  tidal  area  and  the  tidal  currents  of  Juvre  Dvb 
have  been  studied  carefully  by  Midler  (1956),  The 
tklal  are*  is  a  rectangular  basin  with  Juvre  Dyb  *s 
the  only  opening  of  any  imjiortance  directed  towards 


Fig.  9.  The  intrusion  of  a  flood  current  in  a  wadden 
gully  falling  into  a  greater  channel.  The  gully  mouth  is 
an  ebb  channel  unfavorably  situated  lor  the  flood.  The 
greater  part  of  the  flood  flows  into  the  gully  across  the 
waddens  and  tends  to  narrow  the  mouth.  Farthi .  up,  the 
channel  is  as  favorable  for  ebb  as  for  flood  currents,  i.e., 
a  neutral  cliannel.  F—Thc  prevalent  direction  of  the  flood 
current  E — The  prevalent  direction  of  the  ebb  current, 
b — A  bar  at  the  gully  mouth  formed  by  both  flood  am! 
ebb  (From  Jakobsen,  1962). 

the  North  Sea.  The  i.'sin  is  dominated  by  two  large 
channels,  Rpm0  Leje  and  0ster  Dyb,  which  extend 
front  Juvre  Dyb  to  the  farthest  corners  of  the  basin. 
The  flat  Rejsby  Stjert  is  situated  between  the  two 
main  channels  and  forms,  together  with  the  deeps, 
an  equilibran!  caused  by  the  shape  of  the  area  and 
the  forces  active  there  (  Fig.  2). 

juvre  Dyb  is  provided  with  sediment  front  the 
south  by  a  tidewater  current.  The  northward  drift 
is  checked  by  the  powerful  currents  in  Juvre  Dyb; 
at  outgoing  tide  the  material  is  carried  westward 
where  it  contributes  to  the  building  up  of  the  Rpntp 
Flat.  At  incoming  tide  the  sediment  is  transported 
in  an  easterly  direction  along  the  north  coast  of  Rpmp, 
where  the  mouths  of  the  existing  tidewater  creeks 
are  shifted  easterly  in  the  course  of  time.  The  latter 
shift  of  sediment  is  strongly  intensified  by  the  prevail¬ 
ing  western  winds.  In  the  wadden  sections  next  to  the 
coast,  the  shape  of  the  tidal  creeks  seems  to  indicate 
that  the  i  ising  tide  normally  follows  the  coast  and 
shapes  the  inner  parts  of  the  tidewater  creeks  (which 
run  almost  parallel  to  the  coast),  whereas  the  falling 
tide  tends  outwards  towards  the  deeps  at  right  angles 
to  the  coast  line,  thereby  shaping  the  outer  part  of  the 
tidal  creeks. 

Auholling  I.<\  an  example  of  such  n.  ebb  creek,  is 
at  a  right  angle  to  the  coast.  It  is  supplied  with  water, 
from  the  Rejsby  and  the  Bryns  Rivers,  having  erosive 
[lower  suflicient  to  maintain  this  watercourse  as  a 
relatively  deep  and  pronounced  clw.rl.  .-Labelling 
Lo  continues  westward  from  the  Rejsby  Dike  for  a 
distance  o;  almost  2  km  and  debouches  into  a  large, 
shallow  basin  which  extends  to  Rpind  I.eie  Here  it 
is  separated  by  a  very  broad  levee,  which  ii  not  pene¬ 
trated  during  ebb  tide.  ♦ 

In  addition  to  the  channels,  there  are  depressions 
in  the  marsh  meadows  which  have  vertical  walls  and 
irregular  contours.  They  are  the  result  of  erosion  a. 
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prices  where  the  vegetation  does  not  provide  sufficient  of  accretion.  Later,  other  series  of  red  sand  layers 
protection  during  inundations  and  gales,  for  example,  were  made.  His  technique  of  coloring  sand  with  a 
in  salt  pans,  which  are  depressions  where  sea  water  solution  of  Sudan  Red  III  in  benzol  (Nielsen,  1935d) 
stagnates  and  evaporates  to  high  salinity.  has  proved  to  be  very  useful.  After  30  years,  it  was 

still  possible  to  recognize  the  layer  of  colored  sand 
Kate  or  Sedimentation  in  samples  taken  from  the  research  locality  on  the 

eastern  shore  of  the  peninsula  of  Skallingen  (Fig.  4). 

The  rate  of  sedimentation  and  the  manner  in  w'hich  The  salt  marshes  are  formed  in  areas  encompassed 
salt  marsh  plains  are  formed  has  been  studied  by  by  the  average  high  tide  level ;  however,  on  the  Skall- 

Niclsen  since  1931.  At  that  time,  Nielsen  placed  thin  ing  Peninsula,  sedimentation  will  continue  over  an 

layers  of  red  sand  on  several  areas  in  the  salt  marsh  area  alxmt  GO  cm  above  ihat  level.  The  rate  of  sedi- 

tn  provide  an  accurate  basis  for  measuring  the  rate  mentation  as  stated  by  Nielsen  averages  3.6  mm  per 


l  ig  10.  The  Juvre  tidal  channel  east  of  the  island  of  Rdrad,  north  of  the  Rdm#  Dam.  The  Hood  bar  at  St  3 
forces  the  ebb  channel  (St  2)  to  move  constantly  towards  west  and  northwest  (From  Jakobten,  1962). 
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Fig.  II.  Part  of  the  wadden  area  between  Jutland  and 
the  island  of  R0md,  1936,  with  the  projected  dam.  Only 
the  contours  0.0  m  ami  1.0  m  D\'\  (Danish  Zero  Level) 
are  shown.  The  two  framed  regions  to  the  south  of  the 
dam  indicate  the  areas  in  which  tlie  development  of  tlie 
sedimentation  has  been  examined.  Compare  with  Figs. 
13,  14, and  IS  (From  Olsen,  1959). 

year,  but  settling  in  the  young  deposits  limited  the 
real  accretion  to  about  2  mm  per  year. 

The  increase  in  elevation  at  which  sedimentation 
occurs  causes  alterations  in  the  biological  environ¬ 
ment  which,  in  turn,  results  in  a  succes  inn  of  vegc- 
tational  zones.  Salieomia  herbaeea  is  the  first  plant 
tliat  invades  a  tidal  flat  having  suitable  elevat’.  n.  On 
most  of  the  outer  part  of  the  marsh,  the  successions 
following  the-  Salieomia  are  Puecineiha  maritima  fol¬ 
io’. -ed  hy  Ast<r  In  folium  I -iter,  1'lantago  mantima 
is  abundant  and  is  followed  by  Statice  limonium  and, 
at  higher  levels.  Artemisia  maritima.  At  present,  a 
Flantaqo-Sialice-l’uccinellia  vegetation  is  counion. 
Si.ict  about  1945,  Obione  fortolaeoules  has  increased 
very  'ast  3  id  is  now  dominating  large  areas.  On  the 
ridges  .v.a  other  high  areas  Festuca  rubra  is  the  domi¬ 
nant  plant.  In  the  inner  part,  which  is  drained  by  the 
creeks,  a  I’uainellia  maritima  -  Suadeti  mantima 
vegetation  develops  and  is  followed  \>y%Jvtice  and 
Obione.  A. 

The  study  of  salt  marsh  formation  has  May  con¬ 
tinued  hy  members  of  the  team  Nielsen  organized 
Jakobsen  (1953)  showed  that  the  spreading  of  vege¬ 
tation  on  :he  poorly  drained  parts  of  the  flats  is 
closely  associated  with  the  formation  of  tidal  creeks 
which,  hy  headward  erosion,  spread  back  into  the 
sand  flat  t  Fig.  5). 

Based  on  quantitative  measurements.  Jakobsen 
( 1961 )  gave  a  descri(ttion  of  the  sediment  budgvt  of 
the  wadden  area  that  is  summarized  here.  In  some 
juris  it  is  possible,  hy  means  of  surveys  and  com¬ 
prehensive  cariogrj‘’t'  *.  to  determine  the  ex¬ 
tent  of  the  deposi;  ,  "<«i  oser  long  periods. 

Quantitative  conijs  tr  it  seem  improbable 

that  the  finer  conij>onrt  ts  of  the  marsh  originate  in 
any  large  lolume  from  crustal  erosnei  or  from  learh- 
mg  of  the  tulal  flats 

Between  1941  and  1961.  in  the  tidal  area  of  l.-slcr- 
dyb.  at  least  3  mdlion  cubic  meters  of  marsh  seshment 


Fig.  12.  Siphon  sampler  used  to  letcrmine  tlie  ipiantity 
of  tusjirnded  material  in  flood  tides  over  long  |*rii«i». 
A  shows  the  design  in  the  siphon  sampler.  As  the  tide 
rises  tlie  bottle  is  filled  by  tlie  si|>h«n,  R.  anil  it  is 
emptied  again  at  rhb  tide.  C.  As  it  takes  20  to  30 
minutes  to  emjity,  the  sediment  which  has  settled  in  the 
Sottle  cannot  return  to  a  state  of  susjiensioti.  Tlie  siphon 
sampler  can  thus  collect  material  in  several  tidal  periods 
The  variation  of  tlie  quantity  of  susprmled  material  ranges 
from  10  mg  I  in  quiet  peri-ids  to  1,000  mg  I,  and  some¬ 
times  several  thousand  mg/ 1  in  stormy  periods  Tlie  aver- 
ag  ■  intent  of  stis|>en<led  material  from  several  stations  is 
between  90  and  173  mg  I  over  long  periods  (  From  Jakob 
sen,  1961). 


were  de|>osited  in  the  Danish  |>art  alone;  of  this 
quantity,  a  million  arc  clay.  This  clay  cannot  have 
lievn  line  to  coastal  erosion,  which  is  very  slight  there 
Since  the  tidal  flats  contain  only  a  small  (icrrentagr  of 
clay  i  5  |>ercent  ntaximtmi  on  an  average),  the  trans¬ 
fer  of  a  million  cubic  meters  of  clay  sediment  would 
involve  at  least  the  leaching  of  2t)  million  cubic  meters 
of  tidal  flat  sediments  This  can  scarcely  have  been 
the  case,  because  sediment  analyses  in  1941  and  in 
the  |<eriod  1955-1961  reveal  no  alteration  n  the  grain- 
size  coni|>ositi(m  of  the  flats.  At  the  same  time,  depo¬ 
sition  increased  as  a  result  of  reclamation  work. 

Hydri)gra|>hic  research  in  (iraadyb  in  1938  made 
it  evident  that  there  was  a  loss  ol  sediment  from  that 
part  of  the  wadden.  Based  on  tlie  calculates!  loss  the 
entire  tidal  aica  of  (iraadyb — 130  knr — would  has e 
had  to  lose  a  layer  25  cm  thick  between  19tX)  and 
I960,  which  it  did  not.  The  error  must  Ic  due  to  two 
causes :  the  hydrographic  stations  are  estaNishrd  m 
the  rhb  channels  (fairways),  am!  the  measurements 
were  not  taket.  in  periosls  of  rough  weather  when 
seiliment  transjwrt  is  at  its  height. 

A  new  sediment  sampler  has  hreti  testesl  in  the 
watklcn  aiea  to  study  tlie  quantity  of  susjiendcd  ma¬ 
terial  in  flood  titles  over  long  periods  F'lgurr  13  ile- 
scribes  the  siphon  sampler.  Investigations  so  tar  luse 
been  few  in  number,  hut  based  on  preliminary  ineas 
urrments  it  may  lie  estimated  Out  under  the  t>es| 
jsmsiMr  condition*  for  sedimentation — in  ilettse  salt 
marsh  vegetation — not  more  than  half  the  material 
susjwnded  in  tlie  water  is  ilejsisitril  The  ianqJcr  may 
also  he  used  m  localities  uith  no  natural  salt  marsh 
iorraalion  to  ascertain  o’  they  r recur  adequate  sus 
pctnled  material  to  permit  ,-eeianution 

Kxtcnsive  systematic  measurements  of  the  rate  «>! 
sedimentation  were  conducted  ihiring  the  years  1939- 
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Fig.  13.  Profile*  showing  the  levels  of  the  tidal  fiat 
before  ami  after  the  construction  of  the  Rpmyi  Dam  Pro¬ 
file  A  is  through  the  tidal  flat  along  a  line  at  the  southern 
hase  of  the  dam.  Profile  B  is  200  m  to  the  vwith  of  the 
KurnU  Dam.  Compare  with  Fig  II  The  profiles  are  cut 
along  the  northern  and  southern  limits  of  the  hatchet! 
area  I  From  Olsen.  1959). 

1948  after  the  construction  if  the  K««nus  Dam  (Olsen. 
1959 1.  1  he  dam  represented  an  artificial  interference 
in  the  natural  conditions  of  the  w.ulden :  as  a  result, 
the  t  iila I  flats  and  channels  immediately  tiegan  to 
change  in  resjionse  to  the  new  conditions.  This  situ¬ 
ation  offered  a  favorable  occasion  for  studying  the 
ructivc  and  constructive  effects  of  the  extant 
forces.  Tlies.  effects,  which  may  normally  lie  diffi¬ 
cult  to  trace,  now  a|>pcar  in  nvrrdimcnsionetl  form 
until  a  new  state  of  equilibrium  has  been  established. 

In  Figure  li  an  area  marked  by  horizontal  hatch¬ 
ing.  having  a  width  of  200  m  and  a  length  of  5  km, 
is  shown  along  the  southern  stile  of  the  iLam  at  dis¬ 
tances  of  1.8  km  to  6.8  km  front  its  point  of  origin 
on  the  mainland  An  examination  of  the  variation  in 
the  sedinwntatum  in  this  area  makes  it  invisible  to 
point  out  several  geographic  effects  caused  by  the 
presence  of  the  dam.  m  combination  with  the  topog¬ 
raphy  of  the  tidal  flats  l  oniparison  of  maps  com¬ 
piled  m  1936  w  ith  those  of  1956-1957  permitted  con 
strucfi'wi  of  the  profiles  in  Figure  13.  Profile  A  is 
through  tlie  tidal  flat  at  the  hase  of  the  dam.  Profile  ll 
passes  through  the  tidal  flat  at  a  distance  of  200  m 
s.*ith  oi  and  parallel  to  the  dam.  The  contour  ele¬ 
vations  -luring  19 Jr,  jr>d  1956-195“  are  marked  by  a 
dotted  line  and  a  solid  line,  respectively. 

Vi  hm  c<*n paring  p.ofilcs  A  and  II.  greater  sedt 
mentation  in  A  will  be  noticed,  litis  must  be  caused 
by  the  darn  lie.  the  effect  of  forces — beach  effect  — 
becoming  active  m  this  case  when  the  newly  formed 
artihcial  shoreline  tends  to  establish  a  normal  beach) 

It  appear-,  from  profile  A  that  on  Poland,  between 
tlie  points  5  6  km  and  5  8  km.  sedimentation  of  about 
0  5  m  has  taken  place  since  |9Jfi.  wh*!e  in  profile  B 


only  little  sedimentation  has  taken  place  and  on  Vesen 
between  the  points  2.8  km  and  3.0  km  no  sedimenta¬ 
tion  at  all  has  been  observed.  This  suggests  that  the 
beach  effect  does  not  extend  to  a  distance  of  200  nt 
from  the  dam,  and  that  sedimentation  which  hat  oc¬ 
curred  in  profile  B  must  be  due  to  other  influences. 
It  is  possible  to  separate  further  two  geographically 
conditioned  factors:  the  barring  effect  and  the  bay 
effect.  The  barring  effect  is  clearly  evident  in  pro¬ 
file  A  as  well  as  profile  B  (Fig.  13)  in  the  barred 
channel  bed  of  Rffcnp  Leje.  In  profile  B,  the  sedimen¬ 
tation  must  be  attributed  to  the  bay  effect  which 
reaches  as  far  as  the  dam. 

The  development  of  sedimentation  in  the  wadden 
region  during  the  period  1936-1959  has  been  ex¬ 
amined  ( Fig.  1 1 ).  and  the  geographic  conditions 
foe  sedimentation  correspond  to  those  existing  in 
Kffmp  Leje.  However,  the  bay  effect  is  more  pro¬ 
nounced  because  the  bay  between  the  foreland  and 
the  high-lying  tidal  flat,  Ihtjsand,  is  fjord-shaped. 
The  beach  effect,  the  bay  effect,  and  the  barring  effet . 
arc  tleiiily  recognizable  in  a  comparison  of  Figures 
3  anil  4. 

Figures  14  and  15  show  an  extremely  strony  sedi¬ 
mentation  between  1936  and  1955;  it  is  greatest  at 
(he  bai  •  of  the  dam  and  least  at  the  southern  frontier 
of  the  area.  The  extent  of  ihis  area  is  200  hectares, 
and  the  quantity  of  material  deposited  amounts  to  1 
million  cubic  meters.  The  original  surface  consisted 
of  ordinary,  well-sorted,  tidal  flat  sand  with  a  mean 
grain  size  of  90  p  and  a  clay  content  of  less  than  10 
percent  I  Hansen,  1951).  The  material  which  has 
been  deposited  since  the  construction  of  the  dam  is 
poorly  sorted  silt  with  a  mean  grain  size  of  6.17  p  and 
a  clay  content  of  up  to  36  percent  ( Hansen.  1956). 

investigations  have  been  conducted  to  determine 
how  the  rate  of  sedimentation  has  varied  over  the 
area.  Contouring*  of  the  whole  area  were  made  in 
1936  and  in  August.  1955.  Other  contouring*  of  a 
zone  320  m  wide  along  the  base  of  the  dam  were  also 
used.  These  were  made  in  August.  1941.  March. 
1943.  June,  1944.  October.  1945.  October.  1947.  and 
February.  1959  On  the  basis  of  these  eight  contour¬ 
ing*.  six  profiles  have  been  drawn  through  the  tidal 
flat  parallel  to  the  dam.  In  each  profile  are  four 
vertical  profiles  at  horizontal  intervals  of  about  400  m. 
In  each  vertical  section  the  sedimentation  (in  cm) 
within  the  respective  time  intervals  has  been  meas¬ 
ured.  and  the  amount  of  sedimentation  sn  cm  month 
calculated  tF'ig.  16).  This  is  considered  to  be  the 
intensity  of  sedimentation  in  the  mean  level  ( i.e.,  the 
mean  datum  between  two  leveling  plane*  in  the  ver¬ 
tical  section ).  The  six  profiles  extend  southward  from 
the  base  of  the  dam  and  at  distances  of  70  m.  170  m. 
JJD  m.  1.200  m,  and  2.100  m  <  Fig  17  ». 

The  results  all  show  the  sane  tendency  (  Fig  !*> 
sedmir- -.(alien  is  greatest  at  a  low  level,  decreases  at 
rising  delations  to  ♦  08  to  +  GL9  m  Danish  Zero 
l-rtd  (DXNi — a  little  bdowr  the  mean  high  water 
lev  d — and  then  increases  again  Sedimentation  is  less 
at  the  high  water  levd  than  at  any  higher  or  lower 
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Fig.  14.  Area  of  research  concerning  sedimentali<«i 
cawed  by  the  Rom#  Dam.  Map  dating  from  1936.  show  ■ 
mg  the  area  between  the  Rom#  Dam  and  Jutland.  Thr 
contours  (0 2  m )  show  the  lesels  in  Paidyb  and  those 
the  tidal  flats  before  the  construction  of  thr  Romo  Dam 
(From  Olsen.  1959). 

level  when  no  consideration  is  given  to  the  variation 
of  the  water  cover.  In  other  word*,  at  high  water 
level  sedimentation  is  less  in  proportion  to  the  water 
cover  than  at  any  other  level.  This  phenomenon  oc¬ 
curs  everywhere  in  the  wackier,  area  ;  it  is  evident 
when  an  analysis  is  made  of  an  area  of  rapid  sedi¬ 
mentation  like  the  one  in  question,  but  it  nay  be 
difficult  to  observe  otherwise. 

Erosion  at  the  high-water  level  is  probably  the 
primary  factor  which  prevents  tlie  vegetation  from 
starting  easily  on  a  high-lying  tidal  flat,  though  the 
height  necessary  lor  immigration  of  vegetation  should 
be  optimal.  It  has  also  been  observed  that  even  a 
rather  dense  growth  of  SjJiconta  on  a  high-lying 
tidal  flat  is  often  destroyed  by  erosion.  Contrary  to 
this,  once  a  growth  of  Clyctria  vegetation  has  immi¬ 
grated.  it  is  difficult  to  destroy,  as  it  catches  and  re¬ 
tains  the  s.-diment  which  has  been  whirled  up.  thereby 
consolidating  its  own  position  (Fig.  19).  On  the 
sides  exposed  to  the  wmd.  however,  this  vegetation 
will  erode  the  border,  which  can  he  counteracted  only 
by  fasc:ncs  or  other  artificial  means 

For  a  period  of  20  sears  the  mvcstigatior.  of  sedi¬ 
mentation  south  of  the  Rum#  Dam  has  provided  evi¬ 
dence  that  .he  geographically  conditioned  beach,  bar- 
ring,  and  hay  effect*  ate  of  great  importance  and  must 
he  considered  in  land  reclamation  projects.  Investiga¬ 
tions  concerning  arvumuiati  n  and  abrasion  between 
the  western  mas,  of  Jutland,  southwest  of  Rtbc,  and 
the  isiand  of  Mand#  i  Figs  3?  and  Jl  >  have  hern 
carried  out  by  Midler  i  I9M  i 

A  demand  or  further  knowledge  aj  a  basis  for 
regional  ptar  mg  u  also  an  important  stimulus  A 
dam  (ram  \f  ad#  to  Jutland  was  proposed  to  improve 


Fig  15.  Area  of  research  concerning  s*dimefltati«*i 
rauicil  by  the  Kdroo  Dam.  Map  dating  trim  1955  of  the 
area  a*  in  Fig.  14,  thawing  the  levels  15  years 
alter  the  construction  of  tile  Rom#  [lain  A  conqarison 
shows  that  tlx  contours  in  the  vicinity  of  the  dam  hate 
completely  dunged  The  effect  of  the  roast,  thr  hay  effect, 
ami  thr  cutting-off  effect  are  clearlv  rrcogni/rd  <  Fom 
Olsen.  1959) 

communications  ami  trans|iort  of  agricultural  pro- 
ihicr.  ami  investigations  have  been  directed  towards 
its  optimum  location  ami  its  rlTrcts  on  the  tidal  area 
these  studies  could  he  consiilerrd  as  applied  grographi 
cal  research. 

AccvMft  ,nox  Forms:  Tidal  Flats 
and  Salt  Marshes 

The  morphological  features  of  the  tidal  area  in  the 
southwestern  part  of  Denmark  have  hem  deserthed  by 
Jakobsen  i  1961  >  as  a  terrace  of  deposits  laid  over 
rarlicT  glacial  areas.  Two  mam  dements  exist:  tlie 
wadden  l  tidal  flat  i  ami  the  salt  marsh.  The  salt 
marshes  of  this  area  are  higher  than  the  tidal  flats  and 
terminate  in  a  low  erosion  cliff  which  has  a  height  of 
up  to  I  m  The  salt  marsh  plains  are  similar  to  the 
marine  forelands  which  are  found  on  many  other 
Danish  coast*  'rSe»e  forelands  have  level  plains  with 
difficult  drainage  conditions  and  are  exposed  to  tem¬ 
porary  inundation.  Most  of  the  marine  forelands  m 
the  northern  and  northeastern  parts  of  Denmark  are 
true  raised  sea  floor*  caused  by  the  post  I.ittorma 
emergence  The  salt  marshes  do  not  originate  from 
a  normal  elevation  of  the  sea  floor,  ho.  are  formed  by 
ilcpositM-n  m  a  salt  marsh  vegetation  or  in  a  reed 
swamp  In  the  course  of  time,  the  scviimrnt  raises  thr 
lev  d  of  the  salt  marsh  to  such  a  height  that  there  is 
practically  no  inundation .  consequent!*.  at  that  pmnt. 
little  sedimentation  takes  place  For  this  reason,  salt 
marshes  form  at  (daces  where  a  downward  vertical 
disr-1  account  of  the  hH  orrurs.  prtwidrd  that  deposi 
turn  tales  place  faster  than  the  lowering  of  tbr  surface 
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i  ig  lf>  F.  sample  of  curve  nwistrurtinn  nmcci  thng 
imaii  •rtliiurnUtKRi  (or  measuring  profile  Hump  Dam 
research  aiea  Tie  tixli victual  points  represent  the  sedi 
inrntalKir-  (cm  month)  anil  tlie  mean  level  (m  DW). 
Tie  Mark  Htitv  to  the  right  of  the  curve  indicate  that 
tlie  sedimentation  in  thrsc  caves  lias  takrn  place  in  a 
ti/vivrid  vegetation  '  From  Olsen.  1959) 


•  >l  tlie  land.  The  large  wit  n  arslics  along  the  southern 
part  <>1  the  North  Sea.  strnrhing  front  Denmark  to 
France.  Itavc  hern  turned  in  areas  which  have  been 
lermdically  excised  tiv  lowerings  o(  the  land  surface. 
I  rnlcr  such  circumstances,  the  salt  marsh  sediments 
may  liecome  srrv  thick  since  the  progressive  subsi- 

•  letH-e  of  the  land  surface  permits  the  dejmsiti  in  to 
continue.  This  explains  why  one  can  find  areas  in  the 
salt  marsh  with  fairly  ancient  deposits  which  have  a 
thickness  of  several  meters.  Tlie  profile  t  Fig.  22) 
shows  a  cut  through  a  coastal  area  in  the  wadden 
which  exjioses  tlie  various  tyjirs  of  landscapes  and 
tlieir  position  in  relation  to  DNN  and  the  tidal  range. 


uwr  frswu  thr  <l»m  Thr  farm  have  been  drawn  at  n 
Figure  16  and  dsns  tta-  wctimrnUtmi  at  thr  faasr  • 4  thr 
dam  and  at  a  cintanrr  frnm  thn  of  70  m.  I  A)  m  320  m. 
I 200  m.  and  J.  I®  m  (Frswu  Olsen  1*59) 


Fig.  lh  Koira}  Dam  research  area.  The  quantities  of 
itepositcd  material  per  year  <  mg  I)  in  proport  win  to  the 
lesel  at  tlie  hasc  of  the  itam  and  at  the  distances  from 
the  i lam  of  70  m.  170  m,  320  m.  1.200  m.  and  2.100  m 
Kach  curve  represents  the  quantity  of  deposited  material 
l>rr  liter  of  thr  accumulates)  water  cover  per  year  at  the 
different  levels.  The  mean  sedimentation  has  been  com¬ 
pared  with  the  accumulated  water  cover  per  year.  The 
specific  gravity  id  the  dry  wadden  sediment  ( 06)  has 
been  introduced  in  order  in  express  the  amount  of  sedi¬ 
ment  in  units  of  weight  <  Frum  Olsen.  1959) 

The  wadden  is  exposed  at  low  title  and  inundated 
again  at  high  tide.  The  mean  high  tide  level  ( MFIT), 
which  nearly  corresponds  to  the  morphological  shore¬ 
line,  in  the  northern  part  of  the  Danish  wadden  area 
is  about  0  55-075  n;.  and  in  the  region  .it  the  Kpmp 
Dam  is  about  t).XM)90  nt  above  DNN 

In  the  eastern  part  of  the  wadden  area,  close  to  the 
coast,  some  tidal  flats  are  high  (  Fig.  21  ).  As  a  rule, 
tlie  highest  elevation  can  be  found  at  a  distance  of  a 
few  hum! rest  meters  from  the  coast,  whereas  the  area 
next  to  the  border  of  the  foreland  >s  at  a  somewhat 
lower  level  Thu  part,  the  ‘Tandpner'  I  off  shore  chan 
neli.  usually  conveys  water,  even  at  low  water,  be¬ 
cause  of  thr  poor  drainage  omditrans  and  thr  run 
slant  How  t  i  water  from  the  tidal  Rats  Furthermore, 
in  vxtir  [dares  thr  landprir!  serves  as  an  outlet  for 
the  w aterC'*irs<-s  winch  flow  into  the  waddrn 

The  tidal  Itals  situated  at  a  high  elevation  off  thr 
coast  are  not  o  wit  miaous,  hut  a;  s'  separated  into  ir¬ 
regular  bars.  Between  these  Kars,  the  water  from  the 
Undprw-U  searches  its  way  to  the  d-pths  through 
shallow  inlets  or  through  marked  tidal  channels.  The 
tidal  Rats  outside  the  landpriels  are  generally  hard 
and  sands  At  [daces,  the  most  elevated  areas  may  hr 
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Fig.  19.  R0m0  Dam  research  area.  Profile  through  the 
tidal  flat  to  die  south  of  point  1.2  km  of  the  R0m0  Dam. 
All  the  measurements  executed  ;n  the  years  1936-1959 
are  indicated.  The  extent  of  t'  Glycerin  vegetation  in 
this  period  is  shown  (From  Olsv.i,  1959). 


Fig.  29  The  wadden  area  between  the  western  coast 
of  Jutland  south  of  tlic  outlet  of  Ribe  Aa  and  Mandp.  The 
depth  contours  indicate  the  —4  m  DXN.  Tlie  indentation 
in  tlie  coast  south  of  the  present  outlet  of  Ribe  Aa  is  the 
old  outlet.  The  present  route  of  the  elih  road  to  Manilp 
is  indicated  by  tlie  dotted  line.  The  sea  dikes  are  marked 
by  full-drawn  lines.  Tlie  numbered  lines  indicate  the 
situation  of  the  profiles  1,  3,  4  (Fig.  21 ).  Aa  is  the  river. 
0sterdyb  is  the  eastern  tidal  channel  (From  M idler, 
l'KU) 


Fig.  21.  Accumulation  and  abrasion  in  a  tidal  area. 
Examples  of  double  profiles.  The  numbers  refer  to  the 
position  of  the  profiles  in  Figure  20.  Profile  1  shows  the 
accumulation  flat  as  related  to  the  eastern  offshore  tidal 
channel  to  the  south.  Profile  3  is  from  the  accumulation 
area,  and  profile  4,  from  the  abrasion  area.  The  size  in 
centimeters  of  the  changes  apjiears  from  the  slanting 
figures  between  the  vertical  lines.  ?  means  doubtful  parts 
of  the  profiles.  F  is  the  situation  of  the  vegetation  border 
of  the  salt  marsh  foreland  (From  M idler,  1963). 

situated  at  a  level  which  almost  corresponds  to  the 
MHT,  so  that  ordinarily  they  are  covered  with  water 
for  only  a  short  time ;  when  there  is  an  easterly  wind, 
or  at  neap  tide,  they  may  occasionally  be  dry  during  a 
high-water  period. 

Tlie  largest  growths  of  Salicornia  herbacea  are 
found  on  such  tidal  flats.  The  quantity  and  occurrence 
of  Salicornia  changes  considerably  from  one  place  to 
another  and  from  year  to  year,  but  even  the  presence 
of  dense  growths  of  this  plant  during  several  succeed 
ing  years  does  not  make  extensive  changes  in  the  level 
of  the  tidal  area  or  the  composition  of  its  soil.  In 
certain  cases,  the  true  salt  marsh  plants  (principally 
Glycerin  maritima  or  Puccincllia  rnarilima)  may  sud¬ 
denly  appear  on  the  highest  parts  of  the  tidal  fiat  out¬ 
side  the  landpriel.  This  rarely  happens  and  seems  to 
require  a  combination  of  favorable  factors. 

The  material  transported  by  the  water  can  easily 
lie  deposited  in  the  Glycerin  vegetation,  where  it  is 
sheltered  against  waves  and  currents.  The  surface 
of  a  wadden,  which  is  usually  at  a  rather  stationary 
level,  begins  to  change  after  the  immigration  of 
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Fig.  22.  Landscape  types  and  levels  in  the  Danish  tidal  area.  Idealized  cut  through  a  tidal  area  in  the  southwestern 
part  of  Jutland.  The  various  types  of  landscapes  are  shown  (right  to  left)  from  a  level  point  of  view  in  relation  to 
Danish  Zero  Level  (DNN)  and  the  tidewater.  The  height  is  much  exaggerated  in  comparison  with  the  length.  MHT 
and  MLT :  Mean  high  tide  level  and  mean  low  tide  level.  Ds.  hed  line  above  MHT  indicates  the  level  which  the  high 
tide  reaches  about  ten  times  a  year  (From  Jakobsen,  1963). 


Glyccria.  At  first,  the  material  accumulates  in  the 
sparse  tufts  of  Glyccria,  which  spread  rapidly  by 
means  of  numerous  offshoots.  Later,  as  deposition 
proceeds,  small  hummocks  are  formed,  which  even¬ 
tually  rise  above  the  surface  of  the  tidal  flat. 

In  the  outer  part  of  the  newly  formed  marsh,  the 
hummocks  are  pronounced  (Fig.  23A),  and  rapidly 
rise  to  a  level  several  decimeters  above  the  tidal  flat, 
owing  to  the  deposition  of  sand  by  wave  action. 
Farther  inland  the  hummocks  are  flatter  and  the  ma¬ 
terial  deposited  is  principally  silt  or  fine-grained  sand. 
Eventually  the  hummocks  grow  together  (Fig.  23B), 
and  in  the  course  of  a  few  years  the  tidal  flat  may 
thus  be  transformed  into  a  dense  Glyceria  meadow. 

Simultaneously  with  the  creation  of  the  new  marsh, 
the  sea  commences  to  erode  its  outer  parts,  and  in  the 
course  of  time  a  distinctly  marked  cliff  is  formed  fac¬ 
ing  the  tidal  flat.  In  the  original  landpriel,  where  the 
sheltering  effect  increases,  an  additional  quantity  of 
“slik”  (ooze)  is  deposited  and  Salicornia  hcrbacea, 
followed  by  Glyceria  tnaritima,  spreads  in  the  direc¬ 
tion  of  the  old  foreland.  Gradually,  as  deposition 
causes  the  level  to  rise,  the  number  of  tidal  submer¬ 
sions  decreases  appreciably;  the  highest  parts,  in  par¬ 
ticular,  may  be  dry  for  long  periods  during  the  sum¬ 
mer  season  (Fig.  23C).  The  above-described  process 
continues  through  cycles  of  deposition  and  erosion  in 
such  a  manner  that  the  outer  parts  remain  the  highest. 
The  level  decreases  in  the  direction  of  the  landpriel, 
where  deposition  of  silt  becomes  more  and  more 
prominent. 

Seaward  from  the  new  marsh  a  new  coastal  profile 
with  a  pronounced  landpriel  is  apt  to  form,  and  on  the 
tidal  flat  off  this  landpriel  a  new  marsh  may  be 
created.  Sometimes,  even  before  the  formation  has 
lieen  accomplished,  one  or  more  new  marshes  are  de¬ 
veloped  outside  the  first  area.  The  individual  “isles” 
can  be  traced  for  a  long  distance  in  the  surface  profile 
and  in  the  distribution  of  the  layers  of  sand  and 
clayey  sediments.  In  some  cases,  erosion  is  so  rapid 
that  a  new  marsh  area  will  be  obliterated,  totally  or 
in  part,  before  its  formation  is  complete. 


The  hypothesis  of  discontinuous  salt  marsh  forma¬ 
tion.  through  the  welding  of  marsh  islets,  is  the  result 
of  Jakobsen’s  investigations  (1954),  based  on  Niel¬ 
sen’s  initial  research.  A  marsh  plain  may  also  form 
in  a  reed  swamp  as,  for  example,  at  Varde  Aa.  The 
annual  sediment  increment  varies  between  3  and  10 
m;  ,  which  in  a  century  gives  an  average  thickness 
of  50  cm.  Unless  a  change  of  land  surface  level  oc¬ 
curs,  marsh  formation  in  the  locality  will  eventually 
cease  of  its  own  accord  within  a  geologically  brief 
span  of  time.  The  thickness  of  the  loam  layers  will 
be  limited  and  w  ill  be  proportionate  to  the  local  tidal 
difference.  The  old  theories  of  marsh  plain  formation 
in  the  tidal  areas,  brought  about  by  certain  animal 
forms  (sand worms,  for  example)  as  ooze  binders,  or 
by  plants,  especially  Salicornia,  as  the  collector  of 
deposit  particles,  must  now  be  abandoned.  In  other 
words,  there  is  no  general  transformation  of  tidal 
areas  to  marsh  plains. 

ESTUARINE  RESEARCH  AS  A  BASIS 
FOR  LAND  RECLAMATION 

In  the  early  1930’s  Nielsen’s  original  concepts  of 
tidal  area  research  and  investigations  concerning  salt 
marsh  development  were  to  expand  scientific  knowl¬ 
edge  and,  in  this  way,  procure  data  which  could  be 
used  as  basic  information  for  the  execution  of  recla¬ 
mation  projects.  The  scope  of  the  work  has  been 
summarized  by  Jakobsen  and  Jensen  (1956).  In  1963 
a  proposal  was  presented  to  the  Danish  authorities 
concerning  regional  reclamation  planning,  based  on 
organized  field  work  during  1953-1962  and  20  years 
of  previous  studies  sponsored  by  the  Skalling  Labora¬ 
tory  (Jakobsen  el  al.,  1963). 

PALEOGRAPHY  OF  THE  DANISH 
ESTUARY  REGION 

The  salt  marsh  area  at  Tender  has  been  carefully 
examined  on  the  basis  of  soil  studies  (Jacobsen, 
1956),  geographical  surveying  (Jacobsen,  1964),  and 
a  dense  network  of  borings.  The  program,  started  in 
1952,  consists  of  a  network  of  borings  to  a  depth  of 
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Fig.  23.  Developmental  stages  in  salt  marsh  formation. 

A — Beginning  salt  marsh  formation  on  a  high-lying 
tidal  flat  outside  an  old  salt  marsh  area.  (In  a  Salic  ornin 
vegetation,  Glyceri »i  recently  immigrated  has  begun  to 
form  hummocks. ) 

B — In  the  course  of  time  a  new  marsh  island  is  formed. 

C— The  landpriel  between  the  island  and  the  old  ero¬ 
sion  cliff  is  filled  and  transformed  into  a  salt  marsh. 
MH  F :  Mean  high  tide  level.  The  height  is  much  ex¬ 
aggerated  in  comparison  with  the  length  (From  Jakobsen, 
1963). 

1.25  m  at  horizontal  intervals  of  50  m  and  a  system 
of  transects,  with  borings  to  the  old  surface  of  the 
outwash  plains  of  the  Wurm  glaciation,  or  to  the  old 
morainic  isles  of  the  Riss  glaciation--tbe  "geest" 
surface. 

The  following  description  has  been  compiled  from 
Jacobsen  (1960a) :  The  Tender  salt  marsh  is  situated 
just  south  o'  the  Fenno-Scandian  rising  block,  the 
outer  limit  of  which  extends  from  the  Esbjerg  region 
through  Aer$f  and  the  Fehmarn  Belt.  Epeirogenetic 
subsidence  in  the  southern  part  of  the  North  Sea  has 


been  estimated  to  be  about  2-3  cm  per  century ;  this 
small  amount  of  subsidence  excludes  epeirogenetic 
forces  from  important  consideration  in  this  relation. 
What  remain  to  be  considered  are  the  eustatic  move¬ 
ments  which,  on  the  whole,  must  be  regarded  as  the 
principal  cause  of  the  relative  subsidence  of  about 
17  m  since  the  beginning  of  Atlanticum  (i.c.,  for  the 
last  7,500  years).  Of  course,  this  relative  rise  of  sea 
level  has  been  subjected  to  fluctuations  caused  by  cli¬ 
matic  changes  and  changes  in  the  local  meterological 
and  hydrographic  conditions. 

The  Tender  salt  marsh  and  the  wadden  area  im¬ 
mediately  to  the  west  are  considered  as  a  delta  region 
for  the  Vidaa  River  (Fig.  2)  and  its  tributaries,  which 
have  been  drowned  by  the  rise  of  the  sea  level.  How¬ 
ever,  the  rise  has  taken  place  slowly  enough  to  be 
balanced  by  sedimentation,  through  the  formation  of 
the  island  arc,  the  adjoining  wadden  area,  and  the 
fringe  of  marine  foreland  along  the  mainland.  Be¬ 
cause  of  this,  belts  of  salt  marshes  are  found  mainly 
in  the  estuaries  of  the  rivers,  and  are  separated  by 
remnants  of  older  moraines  with  steep  erosion  cliffs 
which  face  the  wadden.  Hpjer  is  situated  on  a  small, 
isolated  remnant,  and  immediately  to  the  north  the 
older  moraine,  Hjerpsted,  displays  an  erosion  cliff  11 
km  long  which  faces  the  west. 

The  topography  of  the  late-glacial  subsurface  (geest 
surface)  in  the  salt  marsh  has  been  surveyed,  and  a 
hypsometric  map  with  1  m  contours  has  been  pub¬ 
lished  (Schou,  1960).  A  more  detailed  map  in  the 
scale  1 : 10,000  and  with  50  cm  contours  is  in  print. 
The  geest  surface  is  comprised  of  three  morphological 
types.  The  western  half  forms  part  of  the  outwash 
plain,  gently  sloping  towards  the  west;  it  was  for¬ 
merly  intersected  in  the  middle  by  a  channel  (the 
former  Vidaa)  which  now  is  filled  with  marine  sand. 
In  this  area  the  gradient  of  the  outwash  plain  is  .75  m 
per  km,  and  the  mean  levels  range  from  about  —5  m 
DNN  to  -8  m  DNN.  To  the  east  of  the  area  de¬ 
scribed  abov?,  a  higher  lying  terrace  is  found  which 
is  characterized  by  dune  topography.  The  mean  level 
of  this  undulating  surface  is  —  1  m  DNN.  It  stands 
with  a  cliff  facing  the  outwash  plain  to  the  west  and 
has  a  large  blowout  to  the  cast  in  the  direction  of  ‘he 
older  moraine  of  Mpgeltpnder.  The  M^geltpnder 
moraine  where  the  salt  marsh  area  ends  in  an  escarp¬ 
ment  represents  the  third  type. 

Longitudinal  sections  through  the  post-glacial  de¬ 
posits  of  the  Tender  salt  marsh  have  been  constructed 
on  the  results  of  borings.  These  sections  demonstrate 
the  differentiation  in  sediment  cover  and  facies  types 
(marine  sand,  clay  of  foreland  type,  clay  of  basin 
type,  silt,  "gytje”,  peat,  etc.f  in  relation  to  the  relative 
rise  of  the  sea  level. 

The  slowly  progressing  subsidence  caused  by  the 
giacial-eustatic  rise  of  sea  level  has.  in  general,  been 
compensated  for  by  sedimentation.  In  the  old  salt 
marsh  areas  this  has  resulted  in  the  formation  of  a 
series  of  facies  influenced  by  sedimentation  factors 
which  varv  with  the  physiographic  elements:  tidal 
flats,  foreland  with  vegetation  cover,  deeps,  channels. 
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gullies,  etc.  The  variation  in  facies  has  also  been  con¬ 
ditioned  by  the  effect  of  varying  salinity,  caused  partly 
by  the  influence  of  fresh  water  from  the  rivers,  and 
partly  by  the  formation  of  sand  bars  of  different  age 
and  location.  These  sand  bars  have  created  basins 
either  essentially  closed  or  in  more  or  less  open  con¬ 
nection  with  the  sea.  It  further  appears  that  two  sys¬ 
tems  have  been  active:  (1)  quiet  periods,  in  a  state 
of  equilibrium,  during  which  the  individual  facies 
were  formed  and  gradually  integrated;  and  (2) 
powerful,  short  interventions  by  extraordinarily  high 
storm  floods  which  created  new  conditions,  to  which 
the  whole  system  rapidly  adapted. 

Jacobsen’s  detailed  work  has  resulted  in  a  ge¬ 
ographic  monograph  (1964)  treating  the  topography 
of  the  geest  surface  and  the  description  of  the  genesis 
of  a  salt  marsh  landscape  in  a  drowned  delta  region. 
It  also  includes  an  analysis  of  human  influence : 
mound  building  as  a  base  for  habitation,  dike  con¬ 
struction,  establishment  of  polders,  and  land-use  pat¬ 
terns  of  various  kinds. 

The  Danish  estuarine  research  started  with  Niel¬ 
sen’s  method  for  quantitatively  measuring  the  sedi¬ 
mentation  in  a  salt  marsh  and,  after  35  years  under 
his  leadership,  has  developed  as  interdisciplinary  in¬ 
vestigations  treating  hydrology,  geoniorphology,  ge¬ 
ology,  soil  science,  botany,  zoology,  and  archaeology — 
all  kept  in  focus  by  the  geographer’s  point  of  view. 
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Origin  of  Sediments  in  Estuaries 
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The  origin  of  sediments  in  estuaries  has  been  widely 
discussed  in  Europe  and  America  during  the  past  25 
years.  These  discussions  have  led  to  differing  conclu¬ 
sions.  which  may  be  ascribed  either  to  the  contrasts 
between  areas  and  estuaries,  or  to  differences  in  meth¬ 
ods  of  investigation  and  schools  of  research  Con¬ 
flicting  findings  can  exist  because  the  same  estuary 
has  been  studied  by  two  qualified  teams  of  geologists 
using  different  methods  and  different  basic  principles. 

Since  rivers  carry  sus|>ended  materials  in  their  up¬ 
per  and  middle  courses,  one  theory  supported  by  a 
number  of  geologists  is  that  the  sediments  found  in  the 
estuaries  have  come  from  inland.  Others  believe  that 
estuarine  sediments  come  from  the  sea.  In  some  areas, 
the  conclusion  is  that  they  derive  from  Pleistocene 
deposits  outcropping  on  the  slopes  or  in  the  beds  of 
the  estuaries  themselves.  Another  premise  is  that  the 
source  is  to  be  found  at  the  mouth  of  the  estuary.  All 
these  opinions  will  be  reviewed  here. 

SKDIMKNTS  COMING  FROM  THK  SfcA 
Dutch  Estuaries 

The  Dutch  school  in  sedimentary  |>etrology  has  ar¬ 
rived  at  such  conclusions  from  numerous  studies  in  the 
Wadden  Zee,  Friesland,  Holland,  and  Zeeland  (  Baak, 
1936;  Crommclin,  1940;  Favejee.  1951).  The  Wad¬ 
den  Zee  is  not  an  estuary,  but  a  tidal  flat  area ;  how¬ 
ever,  the  sediments  in  the  mouths  of  the  rivers 
Scheldt.  Rhine.  Kins,  Weser,  and  Kibe  are  also  said 
to  be  carried  from  the  North  Sea,  but  there  are  some 
reservations.  For  example.  Van  Straaten  ( 1961 ) 
writes,  after  Zonnevcld’s  investigations  ( I960),  that, 
“in  the  innermost  parts  of  some  of  the  estuaries,  e.g. 
the  HiesUis  area  on  the  Rhine,  a  significant  fluvial 
deposition  takes  place."  In  referring  again  to  the 
Rhine,  Van  Straaten  ( 1963)  says,  "according  to  Van 
Veen  (1936),  the  transport  of  (relatively  coarse)  bed 
load  material  decreases  strongly  beyond  Krimpcn,  on 
the  I.ek,  and  beyond  Moerdijk.  on  the  Hollands  Diep 
(these  two  places  are  located  at  30  and  4K  kilometers 
from  the  North  Sea).  In  the  most  seaward  parts  of 
the  rivers,  downstream  of  Schiedaw  on  the  Nieume 
Maas,  ami  of  Willemstad  on  the  Hollands  Diep  (22 
and  37  kilometers  from  the  North  Seal,  great  dis¬ 
placements  of  sand  take  place  again,  but  the  sand  is. 
at  least  for  a  great  part,  of  marine  origin.  It  is 
brought  by  the  wedges  of  salt  water  flowing  inward 
along  the  river  bottom."  In  another  paper.  Van 
Straaten  and  Kuenrn  (1957)  accept  the  idea  that  “a 


part  of  the  mud  in  the  Wadden  Zee  has  been  supplied 
via  the  former  Zuider  Zee  by  the  river  IJssel,  a  dis¬ 
tributary  of  the  Rhine  .  .  .  [but]  the  contributions  of 
the  IJssel  were  only  of  subordinate  importai.ee.” 
These  conclusions  are  based  on  mineralogical  and 
petrographicn!  analyses.  As  to  the  Scheldt  Estuary, 
on  the  Netherlands- Belgium  boundary,  Crommelin 
(1949)  concludes:  "on  granulometrica!  basis  one  is 
forced  to  accept  a  very  small  direct  influence  of  the 
line  Scheldt  material  on  the  sedimentation  along  the 
estuary.  Most  of  the  fine  silt  seems  to  originate  from 
the  southern  North  Sea.” 

The  evidence  for  the  Ems  Estuary,  at  the  German- 
Dutch  boundary,  is  based  on  the  exposition  of  Van 
Straaten  (1960),  who  considers  successively  the  dif¬ 
ferent  fractions  of  the  sediment.  For  the  coarse  frac¬ 
tion  above  2  mm,  accurate  data  are  available  only  for 
the  organic  constituents,  which  are  mollusc  shells, 
and  are  mostly  of  local  estuarine  origin.  For  inor¬ 
ganic  constituents,  “it  can  hardly  be  doubted  that  they 
are  of  the  same  character  as  in  the  Wadden  Zee  and 
west  of  the  estuary,”  that  is,  outside  of  the  latter. 

Between  2  mm  and  50  p,  the  organic  elements 
(shells  of  molluscs,  ostracods,  foraminifers,  etc.), 
“have  been  washed  in  by  the  flood  currents  from  the 
North  Sea  for  a  considerable  part”;  some  of  them 
only  live  in  the  open  North  Sea  environments  and  in 
the  inlets  between  the  Frisian  Islands.  In  the  inor¬ 
ganic  materia],  the  composition  of  the  heavy  mineral 
residues  between  50  and  200  p  shows  that  this  ma¬ 
terial  represents  a  transition  between  two  petrological 
provinces  which  were  previously  defined  in  the  North 
Sea  by  Baak  (1956)  and  Crommelin  (1940):  the  A 
province,  in  Friesland  and  on  the  sea  floor  off  the 
Frisian  Islands,  includes  garnet,  epidote,  amphibole. 
but  only  little  saussurite ;  the  H  province,  to  the  west 
of  Holland,  is  relatively  rich  in  saussurite.  Appar¬ 
ently  it  originates  in  the  North  Sea,  in  which  the  A 
material  is  of  northerr.,  .nainly  glacial  origin,  and  the 
H  material  was  probably  supplied  in  large  part  by 
the  Rhine,  during  the  Pleistocene. 

The  25-30  a  fraction  was  also  investigated  by 
Crommelin,  who  concluded  that  it  fits  well  with  the 
North  Sea  material  of  the  same  siae  and  differs  from 
the  sediments  of  the  Kms  River  upstream. 

For  the  finest  particles,  less  than  25  p,  PeSmet  and 
Wiggers  concluded  that  5  percent,  at  most,  have  been 
supplied  by  the  Kmc  the  remaining  part  (Wadden 
Zee  and  North  Sea)  are  of  marine  origin.  Van 
Straaten  assumed  that  5  percent  can  actually  come 
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from  the  river,  10  percent  is  of  local  origin,  and  85 
percent  is  supplied  from  the  sea. 

It  must  be  pointed  out  that  the  average  water  dis¬ 
charge  of  the  Ems  is  very  small,  60  m*/sec,  and  the 
yearly  discharge  of  sediment  by  this  river  is  estimated 
at  56,000  tons.  Even  if  the  second  figure  is  consider¬ 
ably  underestimated,  the  contribution  of  the  river  to 
die  sedimentation  in  the  estuary  appears  to  have  only 
minor  importance.  The  average  water  discharge  of 
die  Rhine  is  as  high  as  2,200  m*/sec  (1  m*  =  35  ft*). 
Also,  if  the  estuarine  sedimentation  in  the  Netherlands 
now  comes  mostly  from  the  sea,  these  sediments  were 
supplied  to  the  sea  floor  from  the  land  during  the 
Pleistocene,  except  for  the  organic  ( skeletal )  fraction, 
before  the  North  Sea  was  formed. 

The  Seine  Estuaby 

The  sedimentation  in  the  Seine  Estuary,  which 
opens  into  the  English  Channel,  has  been  studied  by 
Rajcevic  (1957),  who  concluded  that  "three-quarters 
of  the  sediments  forming  the  mud  (in  the  Seine  Es¬ 
tuary)  are  of  marine  origin.”  His  conclusion  is  un¬ 
convincing  because  it  is  supported  mostly  by  the  cal¬ 
cium  carbonate  content  of  the  sediments,  which,  in  my 
opinion,  could  have  been  supplied  by  the  river  as  well 
as  the  sea.  I  think  that  the  properties  of  the  sediments 
in  this  estuary  (grain  size,  chemical  composition, 
heavy  minerals,  roundness,  etc.)  do  not  give  definite 
evidence  of  a  marine  origin  for  the  larger  part  of  the 
materials. 

More  recendy,  however,  an  accurate  discussion  of 
data  gathered  by  Rouen  harbor  engineers  has  led 
Vigarie  (1965)  to  the  same  idea  as  Rajcevic.  Be¬ 
tween  1834  and  1956,  a  large  part  of  the  Seine  Estu¬ 
ary  was  filled  with  sediment  at  the  rate  of  about 
5.600.0C9  m*  a  year.  Between  1874  and  1913  a  cutting 
was  observed  reaching  about  2.400.000  m*  a  year  at 
the  entrance  of  the  estuary  (the  Baie  de  la  Seine). 
It  may  be  that  the  difference  between  the  two  figures 
is  caused  by  an  extension  of  the  erosion  of  the  sea 
bottom  to  adjoining  areas,  other  than  those  which 
were  investigated.  Between  1834  and  1913.  hydro- 
graphic  surveys  in  the  Baie  de  la  Seine  showed  a 
mean  increase  in  depth  of  0.68  m.  On  the  other  hand, 
the  supply  of  sediments  by  this  river  seems  to  be 
small,  probably  much  less  than  1.000,000  m*  a  year. 
This  amount  does  not  seem  to  account  for  the  filling 
which  was  observed.  From  September  30,  1956,  to 
November  30,  1960,  more  than  9,500,000  m*  were  de¬ 
posited  in  the  estuary,  although  the  river  discharge 
during  this  period  was  exceptionally  small.  None  of 
these  observations  provides  indisputable  e\  idence.  but 
a  high  probability  appears  to  indicate  an  origin  of 
sediment  which  is  marine  in  nature. 

What  is  called  “the  Seine  Estuary”  includes  unly 
the  outermost  course  of  the  river,  about  40  km  long, 
which  widens  greatly  downstream  from  Tancarville. 
This  is  the  unly  part  of  the  estuary  in  which  salt 
water  penetrates  to  any  significant  degree,  although 
the  tide  extends  much  farther  up  the  river.  Nothing 
can  he  said  at  present  concerning  the  sedimentation  in 


the  tidal  area  where  the  water  is  predominantly  fresh. 
On  the  other  hand,  even  during  exceptional  floods  the 
average  discharge  of  the  Seine  is  small,  so  that  we 
cannot  extend  these  conclusions  without  qualification 
to  other  rivers ;  and  the  conclusions  are  valid  only  for 
modern  times.  At  the  end  of  the  Pleistocene,  when 
the  Rhine  was  overloaded,  it  built  a  braided  channel 
system  near  Nijmegen  (Scheur,  in  Guilcher  and 
Cailleux,  1950).  But  this  section  of  the  Rhine  was 
not  an  estuary. 

SEDIMENTS  COMING  FROM  THE  LOWER 
SLOPES  BORDERING  THE  ESTUARIES 

Small  Bieton  Estuaries 

The  numerous  small  rivers  running  to  the  sea 
around  Brittany  become  comparatively  long  estuaries 
in  which  extensive  mud  flats  (slikkes)  and  tidal 
marshes  (schorres)  are  generally  found.  The  slopes 
of  these  valleys  were  partly  drowned  during  the  post¬ 
glacial  transgression,  but  are  still  covered  by  perigla- 
cial  deposits  known  as  "head”  in  northwestern  Europe, 
which  are  sometimes  several  meters  thick.  They  were 
laid  down  by  solifluction  under  cold  conditions  during 
the  last  glaciation.  Head  is  also  present  in  many 
places  under  the  estuarine  mud  in  which  frost- 
shattered  angular  stones  are  commonly  present.  In 
northern  Brittany,  for  example,  in  the  Ranee  Estuary, 
these  deposits  are  finer  as  a  whole  than  in  the  west 
and  in  the  south  and  may  be  referred  to  as  “loam”. 
Investigations  concerning  the  origin  of  the  mud  were 
carried  out  in  these  estuaries  by  Berthois  and  Berthois 
(1954,  1955),  and  by  Guilcher  and  Berthois  (1957). 
They  used  three  methods:  grain-size,  thermal  differ¬ 
ential,  and  X-ray  analyses. 

In  the  Ranee  Estuary,  samples  were  taken  in  the 
different  areas  from  the  tidal  flats,  the  tidal  marshes, 
and  the  loam.  At  La  Vallee  Creek  (  Fig.  1),  the  loam 
was  taken  from  under  the  tidal  marsh.  The  grain- 
size  analysis  shows  three  curves  which  arc  almost 
iiientical ;  the  small  discrepancies  do  not  exceed  the 
possible  error  in  determination  of  percentages.  At 
Mimhic  (Fig.  2),  the  three  curves  (loam  on  slope, 
mud  flat,  tidal  marsh)  display  the  same  general  trend  : 
there  is  only  a  small  amount  of  coarser  particles  in 
the  loam,  and  they  were  not  included  in  the  more  re¬ 
cent  sediment  when  the  former  was  reworked.  The 
same  results  were  found  in  two  other  places  investi¬ 
gated  in  the  same  estuary. 

Other  grain-size  analyses  were  made  on  sedi¬ 
ments  (rom  Tariec,  northwestern  Brittany,  and  from 
Le  Faou,  Keroulle,  and  Rade  de  Brest,  in  western 
Brittany.  Since  very  coarse  particles  and  angular 
stones  are  present  in  the  head,  the  panicles  which 
were  finer  than  60  p  were  selected  in  the  sample*  to 
be  compared  with  those  from  tidal  flats  and  marshes 
At  Tariec  t  Fig.  3),  the  differences  between  two  mud- 
fiat  samples  (SC  4  and  3)  are  greater  than  those 
between  one  of  the  finer  parts  of  the  periglacial  de 
posits  (SC  2)  and  one  of  the  mud-flat  samples  (SC 
4).  At  Keroulle  (Fig.  4),  the  curves  of  high  marsh 
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Fir.  1.  Grain-sire  analyses  of  samples  from  La  Vallfe, 

Ranee  Estuary,  northeastern  Brittany.  (After  Berthois 
and  Berthois,  1954,  1955.)  Fig.  3.  Grain-siie  analyses  of  samples  from  Tanec, 

northwestern  Brittany.  (After  Guilcher  and  tothois, 
1957.) 
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muds  (SC  16  and  17)  are  included  inside  of  two 
curves  of  peri(kxial  deposits  (SC  14  and  15).  At 
Le  Faou  (Fi(.  5),  the  curves  for  periglacial  deposits, 
tidal  marshes,  and  mud  flats  resemble  each  other  very 
much;  the  differences  between  SC  9  (head)  and  SC 
11  and  12  (marshes)  are  not  larger  than  those  be* 
tween  two  head  samples  SC  9  and  10.  It  may  thus  be 
said  that  the  periglacial  deposits  include  all  sizes  of 
particles  which  are  found  in  the  mud  and  only  the 
coarser  particles  were  eliminated. 

The  clay  fraction  was  investigated  by  means  of 
differential  thermal  analyses,  which  were  carried  out 
after  the  organic  matter  and  the  carbonates  were  de¬ 
stroyed  (Figs.  6  ami  7).  The  figures  show  sediments 
from  four  estuaries  in  northwestern  and  western  Brit¬ 
tany.  Between  0*  C.  and  250*  C..  the  curves  are  dis¬ 
tinctly  different  from  each  other.  These  discrepancies 
are  due  to  colloidal  matter,  the  amount  of  which  is 
variable  fioni  sample  to  sample.  At  about  300*  C. 
some  curves  show  a  small  endothermal  inflection,  com¬ 
ing  from  traces  of  goethite  ( SC  5.  6,  8.  9,  10.  and  11). 
This  inflection  is  found  in  estuarine  muds  as  well  as 
in  periglacial  deposits  from  the  same  estuary.  Above 
480*  C.,  all  the  curves  have  a  large  endothermal  in¬ 
flection,  which  results  from  a  mixing  of  kaolinite  and 
illite,  as  shown  by  the  reference  curves  at  the  bottom 
of  Figure  7.  The  small  inflections  between  700*  C. 
and  1.000*  C.  are  imputed  to  be  small  quantities  of 
chlorite  or  even  smaller  quantities  of  calcite  which 
were  not  completely  destroyed.  The  result  is  that  the 
composition  of  the  periglacial  deposits  is  the  same  as 
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Fig.  &  Thirmal  differential  analyses  of  samples  from 
Tariec  and  Le  Conquet,  northwestern  Brittany.  (After 
Guilcher  ami  Berthois,  1957.) 


the  composition  of  the  mud  flats  and  the  high  marshes. 
X-ray  analyses  lead  to  the  same  conclusions  for  sedi¬ 
ments  from  the  Ranee  Kstuary.  The  calcium  carbo¬ 
nate  fraction,  which  comes  from  shells  living  its  tit*, 
is  generally  poor  in  Breton  estuaries,  except  for  the 
outer  parts  of  those  lying  in  northeastern  Brittany, 
where  a  calcareous  sediment  is  found,  the  so-called 
"tangue".  which  includes  many  fine  broken  sliells  of 
local  origin. 

The  process  of  formation  of  estuarine  muds  irum 
periglacial  deposits  in  these  small  estuaries  is  easy 
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DERRYMORE  MARSH,  Co.  KERRY,  IRELAND 


Ft*  8.  Thermal  differential  analyte*  at  sample*  (ram 
Derrymore.  Co.  Kerry.  Ireland.  (After  Berthoi*  in 
(•uilrher  and  King,  1961.) 

lo  observe  in  the  field.  The  Pleistocene  head  is  diffed 
in  the  lower  parts  of  the  slopes,  because.  a<  high 
spring  tides,  the  tidal  marshes  are  under  water  and 
the  fetches  are  large  enough  to  allow  the  formation 
of  waves  of  moderate  or  middle  sire  when  the  wind 
is  strong.  The  coarser  fraction  of  t'ie  head  settle*  at 
the  foot  of  these  cliffs  where  sand  and  stones  form 
narrow,  thin,  discontinuous  beaches,  and  the  finer 
particles  are  brought  into  suspension  in  water  and 
continue  to  feed  the  mud  flats  and  marshes.  In  the 
Ranee  Estuary.  calcareous  concretions  coming  from 
the  loam,  the  "|xiupers'\  are  found  in  some  places  on 
the  upper  beach  and  sometimes  on  the  mud  flats.  In 
the  inner  reaches  of  Rade  de  Brest,  frost-shattered 
stones  washed  front  the  cliffs  are  strewn  on  the  shore 
The  pcriglacial  head,  which  was  cut  during  the  re¬ 
treat  of  the  cliffs,  is  often  seen  on  the  stra.nl  -oder 
a  thin  cover  of  loose  deposits. 

(nitr*  Small  Kst varies 

In  County  Kerry.  Ireland,  investigations  were  made 
in  a  tidal  marsh  lying  behind  IVrrymore  Spit,  at  the 
mouth  of  Tralee  Estuary  (Guikher  and  King.  1961). 
Thermal  differential  analyses  made  by  Bert  Son  on 
samples  from  the  IVrrymore  high  marsh,  ami  from 
an  alluvial  uutwash  fan  which  ends  close  to  the  marsh, 
show  exactly  the  same  composition  (Fig.  #>;  domi¬ 
nant  illite  and  chlorite,  doubtful  traces  of  chrysolite, 
and  rate  vermiculite.  This  evidence  is  supported  by 
tile  examination  of  the  sample*  The  outwash  fan 
consist*  of  reworked  Old  Red  Sandstone  t  Devonian), 
and.  in  the  estuarine  mud.  many  Old  Red  Sandstone 
I  .articles  appear  under  the  microscope  at  all  sire*  as 
(ar  .town  as  M)  r  The  remaining  fraction  consists  of 
quart/.  Moreover,  the  mud  ha*  a  characteristic  pink 
color,  a*  does  the  I  )hl  Red  Sandstone 

In  live  marshlands  of  Newport  Bay.  California,  the 
mud  is  fed  by  surrounding  cliff*,  according  to  Steven- 
*<«i  and  Fames  <  who  wn<e  “« .real  blocks  of 

loosely  consololated  shale*  and  sillstonr*.  which  are 
rradds  crodrd.  frequently  slump  down  during  hravy 
ram*  and  are  worn  away  by  the  water*  or  rest  upon 
llse  marsh  hitlers  for  extended  periods  During 

infrequent  rainy  period*,  much  material  may  be  added 
to  the  water  .  tidal  current*  carry  most  of  Bar 


material  to  the  ica  . . . ;  little  eroded  material  is  added 
to  the  surface  of  the  marshes  .  .  . ;  most  of  it  is  de¬ 
posited  along  sheltered  edges  of  the  marshes,  in  small 
enibavments,  and  in  the  shallows.” 

It  thus  appears  that  marshes  and  mud  fiats  are  com¬ 
monly  fed  by  fine  material  coming  from  cliffs  along 
small  estuaries,  where  the  supply  of  suspended  ma¬ 
terial  from  upstream  is  insignificant  because  the  river 
is  small. 

SEDIMENTS  COMING  FROM  THE  MOUTHS 
OF  THE  ESTUARIES 

An  example  of  this  is  given  by  the  estuary  of  the 
small  Ka patches  River,  in  the  northwest  of  the  Re¬ 
public  of  Guinea,  West  Africa  (Guikher,  1956a).  Be¬ 
tween  1930  and  1954  the  Kapatchez  Estuary  was 
quickly  filled  up  by  a  tremendously  muddy  sedimenta¬ 
tion  at  a  time  when  other  estuaries  in  the  same  region 
were  approximately  in  a  state  of  equilibrium.  A  study 
was  undertaken  in  order  to  determine  the  origin  of 
this  sudden  deposition,  which  rendered  the  rice  culti¬ 
vation  in  the  lowlands  almost  impossible  because  it 
completely  modified  the  circulation  of  fresh  and  salt 
water  in  the  creeks.  The  filling  up  of  the  Kapatchei 
Estuary  could  not  he  explained  by  material  carried 
from  upstream  by  the  river,  because  the  catchment 
area  is  extremely  smalt  and  the  sedimentary  load  al¬ 
most  nil  above  the  tidal  area.  Sediments  coming  from 
upstream  are  more  abundant  in  the  larger  rivers  of 
this  region :  however,  the  Compony.  None*.  Pongo. 
and  Konkoure  Rivers  do  not  show  any  important 
deposition  on  mud  flats.  In  fact,  the  mass  of  mod 
which  settled  in  the  Kapatchcz  came  from  old  mud 
flats  in  front  of  the  open  sea  immediately  west  of  the 
mouth  of  the  estuary.  These  mud  flats  were  retreat¬ 
ing  rapidly  in  1954,  perhaps  as  a  consequence  of  re¬ 
cent  changes  in  tidal  currents,  so  that  mod  was  pot  in 
suspension,  went  into  the  estuary  with  the  incoming 
tide,  and  settled  (here  at  slack  tide. 

Thus,  in  this  case,  the  mud  comes  from  the  outer 
crust  and  :s  carried  upstream.  However,  it  may  be 
noticed  that  this  mud  was  first  deposited  on  the  outer 
oust  after  the  postglacial  transgression,  it  it  pos¬ 
sible  or  even  prohable  that  it  came  originally  from 
the  larger  rivers  of  this  area.  Mich  as  the  \unez  or 
the  Konkoure  If  this  is  true,  the  transportation  of 
mud  into  the  small  Kapatchex  Rivrr  would  he  ualv 
the  L.vt  stage  in  a  longer  history 

SEDIMENTS  COMING  FROM  UPSTREAM 
BV  RIVERS 

Everybody  think*  that  sediment*  forming  della* 
come  exclusively  or  mostly  fn*n  inland  by  the  river 
Thu*,  in  the  Rhone  Delta  in  sorrihem  France,  heavy  - 
mineral  analyse*  have  shown  that  "at  least  hair-fifth* 
of  the  sediment*  hate  hern  dr'ived  from  the  Alps;  a 
r  otfuralivrl.  small  cuniributnav  is  made  by  the  Mas¬ 
sif  Ventral"  t  Van  Andrl.  1955).  This  fit*  well  with 
the  water  discharge  fraen  either  area  of  the  riser 
catchment.  However.  Emboul  Razavet  ( 19<£)  found 
that  a  minor  fraction  crane*  to  the  V-*  n  -.n  (he  west 
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by  alongshore  drift,  although  this  contribution  is  ex¬ 
ceedingly  small.  Similarly,  the  Orinoco  River,  in 
Venezuela,  has  formed  a  delta  at  its  mouth  and 
furnishes  sediments  to  the  adjoining  (iutf  of  Paria 
i  Van  Andel  and  Postma.  1954). 

The  most  intensive  research  which  points  to  a 
fluvial  origin  of  sediments  in  estuaries,  deltas  ex¬ 
cluded.  has  been  carried  on  for  more  than  ten  years 
in  the  I-oire  Estuary,  southern  Brittany,  by  Berthois. 
with  much  help  from  the  civil  engineering  services  of 
Mantes  Harbor.  A  wealth  of  simultaneous  observa¬ 
tions  were  made  of  currents,  temperature,  salinity,  and 
suspended-nutter  content  at  many  stations  in  the 
inner,  middle,  and  outer  estuary  at  different  depths. 
These  observations  were  nude  during  various  condi¬ 
tions.  such  as  river  floods  and  low  stages,  spring 
tides  and  neap  tides,  summer  ami  winter. 

Berthois  (1956b)  found  that,  in  a  wide  range  of 
situations,  the  suspended  nutter  content  in  the  lanrr 
Estuary  is  almost  always  higher  at  all  ikjdhs  during 
the  ebb  than  during  the  fluid:  his  findings  indicate 


t-'ig.  II.  Loire  Estuary,  ebb;  I  meter  from  bottom. 


that  the  origin  of  sediments  is  fluvial  rather  than 
marine.  However,  a  situation  which  deserves  atten¬ 
tion  was  noticed  during  river  floods  in  January  ami 
February,  1955,  when  the  water  discharge  was  as  high 
as  4.770  m3  sec  (  Berthois,  195fca  >. 

At  the  surface,  the  susjiended-nutter  content  was 
distinctly  higher  during  the  ebb  than  during  the  in¬ 
coming  tide  l  Figs.  9  and  10  i  ;  liut  at  I  m  above  the 
bottom  the  content  was  higher  during  the  flood  than 
during  the  ebb  between  Dongcs.  Saint  Nazaire,  ami 
la*  Pointrau  (Figs.  11  and  12).  Berthois  explains 
that  the  river  flouds  had  suppressed  the  tidal  cur¬ 
rents  upstream  of  Ibmgts,  so  that  an  incoming  cur¬ 
rent  related  (o  the  flood  tide  existed  only  downstream 
beyond  thu  point,  while  upstream  the  water  ran  con¬ 
tinuously  to  the  sea.  Ihinng  the  flood  rgl e.  the  sea 
water  entering  the  estuary  in  the  Saint  Nazaire-  l.e 
Pointeau  area  slackened  ami  stopped  the  freshwater 
flow  from  upstream  lor  vane  tunc,  so  that  t(»c  sus 
pmdrd-sedimrot  content  incrrasrtl  near  tlie  bottom  in 
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the  motionless  water.  In  other  words,  the  high  tur¬ 
bidity  near  the  bottom  at  Le  Pointeau  during  flood 
tide  does  not  prove  that  sediments  have  a  marine 
origin. 

The  supply  from  upstream  was  carefully  studi*d  in 
the  Loire  Estuary  for  several  years.  The  meauire- 
ments  of  turbidity  are  much  easier  than  the  deter¬ 
minations  of  the  bed  load  in  transport  on  the  bottom, 
and  it  was  found  that  in  1955  the  river  carried 
1,100,000  tons  of  sediments  in  suspension  ( Rcrthois. 
1956a).  For  all  sediments,  the  solid  discharge  was 
825,000  tons  in  1957,  1,548,000  tons  in  1958,  and 
642,000  tons  in  1959  (Berthois  and  Morite,  1960). 
The  solid  discharge  is  highly  variable,  according  to 
the  stage  of  the  river  and  the  importance  of  floods 
in  each  particular  year.  In  1955,  86  percent  was 
transported  from  upstream  during  the  floods  from 
January  to  April.  Moreover,  during  the  floods  the 
river  is  able  to  carry  not  only  silt  and  day  in  suspen¬ 
sion  I  nit  sand  as  well,  and  die  sand  settles  between 
Donges  and  Saint  Naiairc  (Berthois,  1955c).  Rut 
all  the  liner  particles  do  not  settle  in  the  estuary  alone. 
A  |>nrt  of  them  can  be  transported  out  of  the  estuary 
in  two  kinds  of  situations:  (I)  during  spring  tides, 
at  the  end  of  the  ebb — this  occurred  in  September, 
1955.  during  a  very  large  spring  tide  <  Berthois, 
1955a)  and  again  during  the  river  floods  in  January 
ami  February,  1955  I  Berthois,  1956a);  (2)  the  sec¬ 
ond  (N'.sibility  is  shown  in  Figures  9  and  11  (sus¬ 
pended-matter  content  still  noticeable  between  Bonne 
Anse  ami  Pointe  Saint  Giidas).  Thus,  the  I.oire 
River  can  intermittently  feed  the  tidal  flats  along  the 
outer  coast,  especially  those  lying  to  the  south  of 
Pointe  Sain:  Gibbs  in  Baie  de  Bourgneuf.  The  sedi¬ 
mentation  is  more  active  in  summer  than  winter,  be¬ 
cause  viscosity  is  lower  in  warm  water  1  Berthois. 
1955b)  and  turbidity  decreases  gradually.  When  the 
winter  floods  arrive,  they  again  su;*nly  brge  quanti¬ 
ties  of  material  which  will  be  eame>d  to  and  fro  in 
the  estuary  before  they  settle  to  the  bottom,  because 
the  water  is  cold. 

Also  in  the  Vigo  River,  Galicia,  Spam,  data  from 
Nonn  (  1966 1  seem  to  point  to  a  largely  continental 
origin  of  sediments  Thu  estuary  consists  of  an  outer 
part  which  is  opm  to  the  Atlantic  Ocean  and  an 
inner  part.  t5ie  Fitvervatb  dc  San  Sinwm.  ah  Hit  10  km 
long,  connected  with  the  former  by  a  strait  less  than 
l  km  wide  Tiie  crvvtalliitc  and  nsetaniorphic  rocks 
surrounding  Knscnaila  tie  Sin  Ssmon  are  weathered 
into  two  kinds  of  altmlrs  tine  cbv*  of  kaoltmc  na¬ 
ture.  which  are  Tertiary  m  age.  and  a  more  recent 
weathering  prtwksct  including  illitc  and  a  mixture  of 
vermiculite  chlorite.  In  the  Fiurnada  de  San  Simon 
there  are  extensive  r.nid  flat*  in  which  the  clay  frac¬ 
tion.  analt  ret!  in  s.x  samples  by  the  X-tay  method, 
was  fiwnsd  to  have  the  following  comp- oil  ion  10-20 
iwercnt  kaolintle.  7080  percent  ilhte.  and  10-15  pet- 
f‘-nt  vemucoitti -cl  ‘  .rite  This  shows  that  the  es- 
tuarotr  mods  erne  irnei  the  washing  of  the  continen¬ 
tal  sseathettng  product*  Moreover,  the  calcium  car- 
hevstr  content  u  very  low.  1,6  percent  on  the  average 


(from  0.8  to  7.4  percent).  In  other  words,  the  con¬ 
tribution  of  marine  shells  to  the  sedimentation  is  ex¬ 
tremely  low.  Another  evidence  is  that  the  sand  frac¬ 
tion  in  the  mud  is  angular,  and,  according  to  Sains 
Amor  (unpublished),  includes  the  same  heavy  min¬ 
eral  assemblage  as  the  surrounding  formulations  on 
dry  land. 

Yet,  in  the  outer  part  of  the  Vigo  River,  the  skele¬ 
tal  content  is  higher  (Margalef  and  del  Riego,  un¬ 
published)  with  many  remains  of  foraminifers,  echino- 
derms,  sponges,  etc.  Since  the  clay  fraction  of  the 
muds  in  this  part  of  the  river  has  not  been  analysed, 
however,  one  may  wonder  whether  these  marine  ele¬ 
ments  do  not  represent  merely  a  further  stage  in  the 
evolution  of  the  mud,  including  more  and  more  cal¬ 
cium  carbonate  as  it  proceeds  from  the  knd  to  the  sea. 

1-arge  quantities  of  kaolinitic  clay  have  also  been 
found  in  the  Pontevedra  River,  another  Galician  es¬ 
tuary  near  Vigo,  where  the  mud  was  fed  in  the  same 
way. 

The  problem  of  the  origin  of  sediments  has  been 
discussed  for  Chesapeake  Bay,  eastern  United  States. 
A  marine  origin  could  have  been  expected  here,  since 
the  net  transport  along  the  bottom  of  the  bay  goes 
upstream,  whereas  it  is  directed  to  the  sea  in  the 
surface  layer  (Pritchard,  1952).  Howe  tr,  Burt 
(1955)  assumes  that  the  suspended  particles  come 
mostly  from  the  rivers  ending  in  the  bay.  The  sus¬ 
pended-matter  content  was  measured  near  the  surface 
and  at  depth  with  a  spectrophotometer,  whici.  showed 
that  the  maximum  turbidity  occurs  in  spring  and  the 
minimum  in  fall.  The  turbidity  depends  on  thr  sus¬ 
pended  minerals,  the  production  of  organic  matter, 
ami  the  tidal  currents  and  storms  which  can  return 
sediments  previously  deposited  on  the  Kxfom  into 
suspension.  An  animal  cycle  in  turbidity  cannot  he 
caused  by  tidal  currents,  because  wind  is  rather  strong 
in  all  seasons  except  the  fall  and  the  production  of 
organic  nutter  is  brge  in  spring  and  summer.  Fi¬ 
nally,  the  minimum  turbidity  in  the  fall  is  re'ated  to 
the  fading  of  all  causes  of  tu'bidity  except  tide;  the 
maximum  in  spring  is  chiefly  due  to  the  distributaries, 
since  the  peak  in  r.rer  discharge  occurs  at  that  time, 
ft  may  be  supposed  that  the  bottom  current  can  s 
along  particles  of  owitinmtal  fluvial  origin,  which  hr.4 
traveled  downstream  in  the  surface  current. 

In  thr  northeastern  Gulf  of  Mexico,  the  Apabchi- 
cob  and  Mobile  Rivers  supplv  rby  to  the  continental 
platform  anil  nn<  the  reverie  iGriHin.  I'*62i  Their 
behavior  i»  sittnbr  to  thet  of  the  Mississippi  River, 
whwh  has  a  delta,  and  transports  mostly  mnotmonl- 
kwutic  sediments  to  the  sea.  since  mcntmonlkwiite  it 
prevalent  in  its  basin.  The  Apalachicob  River  carries 
essentially  a  kaobtotie  suite,  and  the  Mobile  River  a 
suite  intermediate  between  the  two  other  ones.  Con- 
seqoetvtlv.  thr  sediments  passing  through  their  es¬ 
tuaries  include  the  same  mineral  suites  as  those  pre¬ 
vailing  inland. 

In  tropical  regions,  a  continental  origin  teems  cr: 
tarn  m  a  number  of  cases  In  Madagascar,  the  Retsi- 
hoka  River  1 1 -a  Fond.  1957)  cut  Ties  to  thr  sea  a  huge 
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mass  of  red  lateritic  clays,  supplied  by  the  erosion 
in  the  catchment  area  of  the  river  as  a  consequence 
of  deforestation.  The  origin  of  the  red  sediments  in 
suspension  in  the  estuary  (even  during  the  dry  sea¬ 
son)  has  been  established,  so  a  marine  source  is  quite 
impossible.  These  sediments  have  completely  filled 
up  the  dock  area  which  was  dredger!  at  Majunga  im¬ 
mediately  before  World  War  II.  Successive  surveys 
of  the  estuary  and  its  opening  on  Mozambique  Chan¬ 
nel  have  shown  that  they  have  become  shallower  and 
shallower  since  the  first  soundings  in  the  19th  cen¬ 
tury.  The  Loza  River,  on  the  northwestern  coast  of 
Madagascar,  also  carries  fine  mud  to  the  sea,  and  the 
deposit  is  visible  in  front  of  the  estuary  on  coral  reefs. 
The  corals  must  take  the  shape  of  micro-atolls  to 
struggle  against  the  sedimentation  (Guilcher,  1956b). 
Since  soil  erosion  is  severe  on  this  large  island,  many 
other  examples  will  probably  be  found  as  research 
goes  on. 

The  same  is  true  along  the  coast  of  the  Bight  of 
Benin.  It  is  instructive  to  fly  over  this  coast  in  Oc¬ 
tober,  during  the  second  rainy  season  of  the  year, 
and  see  the  turbid  waters  flowing  from  tht  rivers  into 
the  coastal  lagoon*'  and  spreading  as  “clouds”  into 
the  sea  through  the  outlets.  The  sandy  fraction  of 
the  sediments  is  transported  from  west  to  east  by  the 
longshore  drift,  and  it  may  be  said  that  the  sea  plays 
a  large  part  in  its  deposition  on  the  outer  coast  and 
even  in  the  lagoons,  but  it  initially  comes  as  a  fine 
fraction  from  inland,  and  is  derived  from  the  late 
Tertiary  deposits  outcropping  on  the  coastal  plateau 
(Guilcher,  1959). 

CONCLUSIONS 

One  possible  cause  of  estuarine  differences  may  be 
the  quantitative  contrasts  in  discharge  of  solid  ma¬ 
terials  by  rivers.  It  is  evident  that  a  river  carrying  a 
great  amount  of  suspended  particles  is  better  able  to 
fill  its  estuary  with  fluvial  sediments  than  a  river  with 
a  small  sedimentary  load.  The  differences  in  opinions 
about  the  Loire  River  on  one  hand,  and  the  Seine  and 
Kms  Rivers  on  the  other,  are  perhaps  caused  by  this. 
When  fine  material  is  available  on  the  slopes  of  the 
estuaries,  as  in  Brittany,  this  source  can  take  the  place 
of  sediments  coming  from  upstream  when  the  river 
discharge  is  insignificant. 

But  the  water  motion  within  the  estuary  must  also 
be  taken  into  account.  We  have  said  in  this  paper 
that  the  penetration  of  marine  sediments  into  estu¬ 
aries  can  lie  due  to  the  wedge  of  salt  water  flowing 
upstream  along  the  liottom,  as  in  the  Rhine;  in  Chcsa- 
l>eake  Bay  the  salt  wedge  probably  acts  in  the  same 
way  to  carry  sediments  inward  which  were  first  ear¬ 
ned  down  by  rivers.  Another  hydrological  structure 
in  estuaries  also  deserves  attention.  Berthois  ( 1958 
l'tOOa.  1%0I>)  found  that  in  a  number  of  estuaries 
(for  example,  the  Loire,  ».•,«!!  Uicton  rivers,  several 
French  Guiana  rivers,  and  the  Koukoure  River  in 
Guinea)  a  motionless  lens  of  water  persists  near  the 
bottom  during  a  large  part  of  the  tidal  period.  The 
jmsition  and  duration  of  this  motionless  water  body 


varies  with  estuaries,  and  in  the  same  estuary,  with 
the  river  discharge  and  tidal  range.  The  lens  acts  as 
a  weir  in  which  the  coarse  particles  flowing  along 
the  txittom  are  trapped,  whereas  the  finer  elements 
flowing  in  suspension  in  the  upper  water  layer  pass 
over  it.  If  tht  lens  is  located  out  of  the  mouth  of  the 
river,  a  delta  can  be  built;  but  if  it  is  located  far  up¬ 
stream,  the  fluvial  sediments  settle  before  they  reach 
the  middle  and  lower  parts  of  the  estuary.  It  would 
be  interesting  to  determine  if  such  an  estuarine  struc¬ 
ture  exists  which  has  not  been  studied  by  Berthois — 
one  in  which,  however,  sedimentation  data  are  already 
available.  Simultaneous  measurements  on  currents 
in  different  parts  of  the  same  estuary  unfortunately 
require  much  material,  several  boats,  and  many  re¬ 
search  workers.  But  it  is  frequently  possible  to  re¬ 
ceive  help  from  civil  engineering  services  since  knowl¬ 
edge  of  the  origin  of  sediments  may  be  important  in 
dredging  harbor  accesses. 
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Sediment  Transport  and  Sedimentation  in  the  Estuarine  Environment 
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The  processes  involved  in  the  movement  of  water 
and  its  relationship  to  sedimentary  patterns  have 
interested  geologists,  geographers,  biologists,  and 
coastal  engineers  for  a  long  time.  Tides,  freshwater 
outflow,  and  waves  cause  complicated  water  move¬ 
ment  which  transport,  fractionate,  and  modify  the 
properties  of  particulate  matter  in  shore  regions.  An 
attractive  field  of  study  lies  in  estuaries,  tidal  deltas, 
tidal  flats,  coastal  lagoons,  and  shallow  coastal  areas. 
These  areas  differ  geomorphologically,  but  have  the 
common  feature  that  suspended  matter  is  carried  back 
and  forth,  deposited,  and  eroded  many  times  before  it 
Anally  settles,  either  permanently  or  for  a  long  period. 
Although  the  problem  of  the  source  of  the  sediments 
is  often  very  complex,  the  processes  of  sorting  and 
grain-size  selection  usually  establish  an  equilibrium 
between  the  bottom,  the  suspended  sediment,  and  the 
water. 

The  existence  of  essentially  closed  circulation  sys¬ 
tems  for  suspended  matter  is  due  to  the  character  of 
water  movements  in  estuaries  and  in  tidal  areas,  and 
these  features  tend  to  cause  entrapment  of  particles. 
Water  passes  freely  through  these  areas,  but  particu¬ 
late  matter  is  caught  or  its  escape  to  open  water  is 
retarded.  One  example  is  the  movement  of  suspended 
sand  in  front  of  beaches  under  the  influence  of  wave 
and  surf  action.  This  process,  however,  is  restricted 
to  a  rather  narrow  strip  of  water.  Two  other  mecha¬ 
nisms  cover  greater  areas.  One  is  the  entrapment  of 
suspended  matter  in  river  mouths  and  the  conse¬ 
quent  formation  of  areas  of  great  turbidity  (turbidity 
maxima),  and  the  other  is  the  accumulation  of  fine¬ 
grained  matter  bv  tidal  action.  These  two  processes 
will  be  discusser!  in  detail. 

During  transport  and  after  deposition,  sediments 
may  undergo  many  changes  as  a  result  of  chemical 
and  biological  processes,  salinity  variations,  the  pres¬ 
ence  or  absence  of  vegetation,  burrowing  animals,  etc. 
Most  of  these  subjects  will  only  be  touched  upon ; 
however,  the  process  of  flocculation  and  defloccula¬ 
tion  under  the  influence  of  changes  in  salinity  will  be 
treated  in  more  detail,  because  it  is  a  primary  charac¬ 
teristic  of  the  meeting  place  of  fresh  and  salt  water 
and  because  it  exerts  a  great  influence  on  the  settling 
velocity  of  suspender!  particles. 

In  many  cases  the  distribution  of  sediments  over  a 
certain  area  is  more  closely  related  to  its  geological 
history  than  to  present  movements  of  water.  The 
discussion  of  this  distribution  will  lie  restricted  to  ex¬ 
amples  where  a  relation  between  forces  of  transporta¬ 
tion  and  sedimentary  patterns  seems  evident. 


EROSION,  TRANSPORTATION, 

AND  DEPOSITION 

Critical  Current  Velocities 

The  dynamics  of  sediment  transport  in  moving 
water  have  been  studied  in  much  more  detail  in  rivers 
than  in  tidal  areas.  In  spite  of  the  special  charac.erics 
of  tidal  flow  and  density  differences,  the  results  ob¬ 
tained  in  rivers  may  be  used  in  coastal  areas. 

Relations  between  erosion,  transportation,  and  de¬ 
position  velocities  and  the  grain  size  of  sediments 
have  been  developed  by  Hjulstrom  and  reexamined  by 
Sundborg  ( 1956).  The  “critical  erosion  velocity"  is 
the  minimum  current  velocity  at  which  sediment  of  a 
particular  size  begins  to  move.  The  movement  stops 
at  a  flow  velocity  called  the  "lowest  transportation 
velocity"  or  the  “deposition  velocity".  Figure  1  shows 
curves  of  critical  velocities  for  different  particle  sizes. 
Critical  values  depend  on  current  velocity  only  indi¬ 
rectly;  the  important  factors  are  the  tractive  forces 
acting  on  the  bottom,  the  roughness  of  the  bottom, 
turbulence,  etc.  However,  since  this  paper  does  not 
aim  at  exact  hydrodynamic  calculations,  it  is  sufficient 
to  use  flow  velocity.  An  example  of  velocities  at  15 
cm  above  bottom  is  shown  in  Figure  1.  From  a  size 
of  0.2  or  0.3  mm  upward,  the  critical  erosion  velocity 
increases  with  increasing  grain  size.  The  deposition 
velocity  is  slightly  smaller,  and  is  usually  about  two- 
thirds  of  the  erosion  velocity.  The  difference  in  the 


Fig.  1  Erosion,  transportation,  and  de|>osition  velocities 
for  different  grain  sizes.  The  diagram  indicates  possible 
values  for  various  stages  of  consolidation.  (Data  from 
various  authors  in  Sundborg  ( 1956)  and  observations  of 
the  author.) 


158 


SEDIMENT  TRANSPORT  AND  SEDIMENTATION 


159 


J 

i 

I 

i 

i 

i 


i 


velocity  between  erosion  and  deposition  is  of  great 
importance  for  the  behavior  of  suspended  matter  in 
tidal  streams.  The  material  above  0.3  mm  is  supposed 
to  be  quartz  sand  with  a  specific  v. eight  of  2.65.  For 
grains  with  a  lower  density  the  curves  move  down¬ 
ward;  if  the  density  is  higher  the  curves  are  located 
above  those  shown  in  the  graph. 

For  diameters  smaller  than  0.2  mm  and  especially 
Itelow  about  0.05  mm,  one  set  of  curves  is  insufficient 
to  describe  the  relationships,  as  the  cohesiveness  and 
duration  of  consolidation  are  important  (left  portion 
of  Fig.  1).  No  great  numerical  value  should  be 
attached  to  this  part  of  the  graph  because  the  course 
of  the  lines  will  depend  on  the  type  of  fine-grained 
matter  under  consideration.  It  is  clear,  however,  that 
the  difference  between  erosion  and  transportation 
velocities  is  much  larger  for  consolidated  than  for 
unconsolidated  clays  or  for  sands. 

Cohesiveness  and  Consolidation 

Recently  deposited,  very  loose,  and  unconsolidated 
fine-grained  matter  may  easily  be  carried  away  by 
quite  a  small  change  in  current  velocity.  When  the 
material  has  been  deposited  for  a  longer  time,  it 
gradually  loses  water  and  becomes  increasingly  diffi¬ 
cult  to  erode. 


The  process  of  consolidation  is  essentially  the  re- 
:ult  of  the  expulsion  of  water  from  the  interstices  be¬ 
tween  soil  grains  under  load.  The  water  escapes 
through  microscopic  channels  interconnecting  the  in¬ 
terstices.  During  the  process  the  soil  particles  are  dis¬ 
placed  relative  to  one  another  and  form  a  more  closely 
packed  sediment  of  greater  density  and  lower  water 
content.  In  sands  and  most  clays  these  movements  are 
irreversible.  Consolidation  proceeds  very  rapidly  in 
sand,  but  very  slowly  in  silts  and  clays ;  the  rate  de¬ 
pends  on  the  type  of  clay  mineral  and  the  degree  of 
flocculation. 

In  the  course  of  time  the  water  content  decreases  as 
the  critical  erosion  velocity  increases  (Fig.  2,  right). 
To  measure  this  increase  a  ring-shaped  perspex  tank 
(Fig.  2,  left)  was  used;  it  had  an  outer  diameter 
of  74  cm,  an  inner  diameter  of  44  cm,  and  a  height  of 
33  cm  (Creutzberg,  1961 ;  Demerara  Coastal  Investi¬ 
gation,  1962).  The  water  in  the  tank  was  set  in  circu¬ 
lar  motion  by  means  of  four  paddles  fixed  to  a  central 
axis.  A  special  gear  enabled  a  continuous  increase  of 
the  current  velocity  from  zero  to  about  100  cm/sec, 
measured  along  the  outer  circumference  of  the  ring. 
The  lower  end  of  the  paddles  was  about  15  cm  above 
the  surface  of  a  mud  layer,  a  few  centimeters  deep, 
that  had  settled  from  the  suspension.  The  velocity  at 


Fig.  2.  Left:  Circular  tank  ("carousel")  used  for  the  determination  of  critical  velocities.  Results  of  an  experiment 
in  this  tank  are  shown  at  right  (Demerara  Coastal  Investigation,  1962;  Creutzberg,  1961). 

Right:  Erosion  velocity  and  water  content  (in  weight  percentages)  of  a  Demerara  clay.  Mineral  composition:  2S% 
quartz,  15%  chlorite,  5%  feldspar,  25%  exp.  illite,  15%  kaolinite  (Demerara  Coastal  Investigation,  1962).  Circles: 
measurements  in  salt  water  ( 17%,  Cl).  Points:  measurements  in  fresh  water  (02%,  Cl).  A  water  content  of  91% 
corresponds  with  a  consolidation  time  of  3  hours ;  73%  with  about  one  month.  The  values  presented  were  obtained  in 
laboratory  expeiiments. 
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which  the  material  w-»s  vet  in  motion  was  measured 
after  different  periods  of  consolidation.  Except  when 
the  consolidation  times  were  short,  this  velocity  could 
be  determined  very  sharply.  The  movement  started 
at  a  few  discrete  spots  of  the  mud  surface,  first  by 
forming  a  shallow  scour,  and,  after  some  time,  a 
deeper  scour.  This  scour  was  gradually  widened  and 
deepened  by  strong  local  turbulence,  but  eventually, 
by  keeping  the  current  velocity  constant,  all  the  ma¬ 
terial  was  swept  away. 

The  increase  of  erosion  velocity  with  decreasing 
water  content  must  be  caused  by  the  increase  of  cohe¬ 
sive  forces  generated  by  the  bonds  of  thin  layers  of 
oriented  water  molecules  around  the  particles,  and  by 
electrostatic  attraction.  As  these  forces  are  largely 
dependent  on  the  physical  and  mineralogical  proper¬ 
ties  of  the  clays,  the  values  shown  in  Figure  2  are 
valid  for  only  one  specific  clay  assemblage. 

It  should  be  noted  that  the  critical  erosion  velocities 
found  in  the  experiments  are  not  necessarily  equal  to 
those  found  in  nature  because  of  a  different  velocity- 
turbulence  relationship.  Moreover,  settling  and  con¬ 
solidation  takes  place  in  completely  motionless  water ; 
at  sea,  currents  and  wave  action  influence  the  speed  of 
consolidation  and  prevent  the  formation  of  a  level 
surface. 

The  highest  erosion  velocity  measured  was  about  90 
cm/sec  at  a  water  content  of  73  percent.  For  the  sedi¬ 
ments  used  in  the  experiment,  the  lowest  water  con¬ 
tents  observed  in  the  field  were  about  40  percent.  The 
erosion  velocity  for  this  material  may  considerably 
exceed  100  cm/sec  and  may  be  approximately  the 
same  as  that  for  pebbles. 

Experiments  were  also  conducted  to  determine  the 
lowest  transportation  velocities  for  fine-grained  mat¬ 
ter.  The  values  obtained  for  the  clay  (Fig.  2)  ap¬ 
peared  to  be  about  10  cm /sec,  but  they  were  measured 
in  rather  dense  suspensions  (10  g/1  and  more). 
Values  in  nature  may  be  lower  than  those  found  in 
the  experiments. 

In  tidal  areas,  where  the  same  matter  is  picked  up 
after  every  slack  tide,  the  material  has  little  time  to 
consolidate.  The  curve  for  unconsolidated  matter  will 
apply  to  this  deposit,  and  the  ratio  between  erosion 
and  transportation  velocity  will  not  vary  much  with 
grain  sire.  In  areas  where  part  of  the  material  is 
mobilized  between  longer  time  intervals,  the  ratio  may 
increase  considerably  with  decreasing  particle  size. 

FLOCCUL  ATION  A  NO  DKFLOCCULATION 
Physico-Ciif.mic.m.  Paocr.ssss 

Elementary  particles  of  colloidal  or  semi -colloidal 
dimensions  may  contain  an  electric  charge  which  in¬ 
fluences  their  behavior  in  suspension :  of  these  parti¬ 
cles.  clay  minerals  are  of  primary  importance.  It  has 
been  found  that  they  usually  have  a  negative  charge, 
which  may  be  explained  by  :  <  I )  preferential  adsorp¬ 
tion  of  anions,  especially  hydroxyl  ions;  (2)  cationic 
substitutions  within  the  crystal  lattice;  and  (3)  resid- 
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ual  valences  (broken  bonds)  at  particle  edges.  The 
negative  charge  is  balanced  by  a  double  layer  of  hy¬ 
drated  cations  which  tend  to  move  away  from  the  sur¬ 
face  of  the  clay  mineral,  although  electrostatic  attrac¬ 
tion  prevents  a  complete  escape.  There  is  a  correla¬ 
tion  between  the  stability  of  the  suspension  and  the 
electrolytic  potential.  The  thickness  of  the  double 
layer  depends  on  the  valence  of  the  sorbed  ions,  the 
total  ion  concentration  in  the  surrounding  water,  tem¬ 
perature,  and  pH. 

If  the  electrolytic  potential  (the  thickness  of  the 
double  layer)  decreases  below  a  critical  value,  coagu¬ 
lation  occurs.  That  is,  the  elementary  particles  con¬ 
glomerate  to  larger  units  and  tend  to  settle  ( Berthois, 
1961;  Committee  on  Tidal  Hydraulics,  1960;  White- 
house  and  Jeffrey,  1955).  In  this  process,  while  the 
double  layer  is  present  two  clay  particles  approaching 
each  other  by  Brownian  movement  are  repelled,  be¬ 
cause  their  charges  are  equal.  Other  forces,  however, 
tend  to  cause  the  particles  to  approach  each  other.  In 
water  with  a  small  electrolytic  content  a  thick  double 
layer  may  be  formed  and  the  suspensions  are  stable. 
If  more  electrolyte  is  added,  the  thickness  and  elec¬ 
trolytic  potential  of  the  double  layer  decreases,  and  the 
possibility  for  two  particles  to  unite  increases.  Ca¬ 
tions  in  the  solution,  moreover,  are  exchanged  for 
cations  in  the  double  layer.  If  ions  with  a  higher 
valence  than  one  are  present,  the  same  amount  of  ca¬ 
tions  has  a  greater  effect.  As  a  result,  clay  minerals 
flocculate  in  sea  water,  especially  under  the  influence 
of  magnesium  and  calcium  ions. 

Flocculation  in  very  pure  river  water  has  never  been 
observed  with  certainty,  but  it  has  been  noted  that 
sediments  deposited  in  some  water  reservoirs  contain¬ 
ing  very  pure  water  are  nart!)  flocculated  (Committee 
on  Tidal  Hydraulics,  1960).  Most  rivers  carry  mainly 
unflocculated  matter  to  the  sea.  However,  the  increase 
of  pollution  in  many  rivers  causes  the  process  of  floc¬ 
culation  to  be  completed  far  upstream  of  the  salt 
boundaries,  perhaps  because  of  the  presence  of  poly¬ 
valent  cations  in  industrial  wastes  and  excessive 
amounts  ot  particulate  organic  sewage  which  acts  as 
a  binding  substance  for  line-grained  particles.  Dis¬ 
solved  organic  matter  such  as  humic  substances  may 
prevent  flocculation  to  a  certain  degree;  this  is  esjw- 
ciallv  evident  in  kaolinitic  clays. 

The  electrolytic  coagulation  process  is,  in  most  in¬ 
stances,  reversible,  and  marine  floccules  carried  up¬ 
stream  into  fresh  water  may  be  deflocculated  (Dr- 
mcrara  Coastal  Investigation.  1%2). 

The  diameter  of  a  floccule  may  be  very  much  larger 
than  the  "diameter"  of  its  individual  components.  As 
a  result,  clays  settle  more  rapidly  in  flocculated  than 
in  |>eptized  form.  It  should  be  noted,  however,  that 
much  water  is  included  in  the  flocculates  so  that  the 
increase  in  settling  velocity  may  be  rather  small.  For 
example,  a  unit  |iarticlc  with  a  diameter  of  5  p  and  a 
sjiecific  weight  of  2  7  ha*  a  settling  velocity  in  sea 
water  of  0.002  cm  sec.  A  jwrticlr  of  500  p  and  the 
same  density  sinks  at  about  20  cm  sec.  but  a  flocculate 
of  clay  particles  of  the  same  size,  containing  95  |>er- 


SEDIMENT  TRANSPORT  AND  SEDIMENTATION 


161 


m 

N. 

\ 

\ 

% 

% 

_L _ 

% 

\ 

V, 

- 

SA 

MPt 

_E  N*< 

46-0. 

L _ 

\ 

V 

\j 

EAST  COAST  DEME 
_ 1 _ 

RARl 

LU 

lE 

V 

\ 

0 1  1  I - 1 - 1 - M— I - 1 - 

00  *0  40  20  10  8  8  4  2 

EQUIVALENT  GRAINSIZE,  >i 


CHLORINITY  IN  V. 


Fig.  3.  Left:  equivalent  particle-size  distributions  measured  at  different  chlorinities  by  the  pipette  method;  scale  at 
left  indicates  the  weight  percents  of  silt,  finer  than  indicated  size.  Right :  relation  between  median  equivalent  particle 
size  and  chlorinity ;  Kale  at  left  indicates  median  equivalent  particle  size  n\  silt  concentrations :  1,000  mg/1  (Demerara 
Coastal  Investigation,  1962). 


cent  water,  settles  with  a  velocity  of  only  0.4  cm/sec, 
or  as  slowly  as  a  quartz  sphere  of  about  20  /i. 

It  is  customary  to  characterize  floccules  by  their 
“apparent”  or  “equivalent”  grain  sizes;  that  is,  it  is 
assumed  that  all  particles  are  spherical  and  have  the 
specific  weight  of  quartz.  Figure  3  presents  the 
equivalent  sizes  of  suspensions  at  different  chlorinities 
(Demerara  Coastal  Investigation,  1962).  The  median 
equivalent  diameter  in  the  flocculated  form  is  about 
7  ii,  as  compared  to  1.5  n  in  the  deflocculated  state. 
The  true  median  diameter  of  the  floccules,  however, 
may  be  many  hundreds  of  microns. 

Differential  Flocculation 

Kxperiments  and  observations  on  differential  floc¬ 
culation  are  restricted  to  clay  minerals  (  Welder,  1959 ; 
Whitehouse  and  Jeffrey,  1955;  Whitehouse  and  Mc¬ 
Carter.  1958;  Whitehouse  el  al.,  1960).  Because  of 
structural  differences,  every  type  of  clay  mineral  may 
flocculate  in  a  different  manner.  The  most  common 
clay  types  are  kaolinite,  illite,  and  montmorillonite. 
I-ess  common  clay  types  are  vermiculite  and  chlorite ; 
the  latter  mineral  is  frequently  found  in  marine  sedi¬ 
ments.  It  must  be  stressed  that  the  minerals  found  in 
nature  are  often  not  well  defined  because  of  chemical 
variations,  poor  crystallinity,  and  random  interstrati¬ 
fication  of  clay  sheets  (Grim,  1953). 

Illite  particles  are  usually  smaller  than  kaolinite,  but 
are  consideralily  larger  than  montmorillonite.  This 
might  in  itself  lead  to  differential  settling,  but  the 


physico-chemical  differences  are  more  important  Ex¬ 
periments  hat  e  shown  that  flocculation  of  kaolinites 
and  illites  is  mainly  completed  at  very  low  chlorinity, 
whereas  the  flocculation  of  montmorillonite  increase! 
gradually  with  increasing  chlorinity  (Whitehouse  el 
al.,  1960).  This  difference  between  the  minerals  is  be¬ 
cause  of  the  very  stable  double  layer  of  montmorillo¬ 
nite.  Table  1  shows  the  relationship  between  chlorin¬ 
ity  and  settling  velocity ;  Table  2  shows  the  relation¬ 
ship  between  chlorinity  and  light  transmission.  Both 
settling  velocity  and  light  transmission  arc  influenced 
by  the  particle  size. 

In  rapidly  moving  water  the  various  clay  minerals 
may  be  transported  without  differentiation,  but  at  low 
current  velocities  illites  and  kaolinites  may  be  de¬ 
posited.  wherea*  uiontmorillonites  remain  in  suspen¬ 
sion.  The  difference  may  be  greater  in  fresh  and 

Table  1.  Representative  settling  velocities  (cm/min 
X  10  ')  of  clay  mineral  types  in  artificial  sea  water. 
Pipette  method".  26*  C..  pH  =  8 2  (Whitehouse  el  al., 
1960). 
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mineral 

0.5 

1.0 

2.0 

60 

10.0 

I&0 

Illite 

891 

901 

105.0 

110.0 

110.0 

1100 

Ka’ilinitc 

80  1 

80.5 

81  1 

81  ? 

81.2 

81.2 

Muntmo- 

rillimile 

0.23 

0.36 

078 

406 

7.55 

8.77 

Table  2.  Light  transmission  of  lay  minerals  as  a  functiuu  of  chlorinity  (wave  length  400  mp:  26-27*  C. ; 
02  g  clay  mineral)  ;  transmission  values  in  %r  (  Whitehouse  cl  al.,  I960). 


Clay  mineral 

0  2 

04 

Illite 

110 

134 

Kaolinite 

12.1 

157 

Montmorillonite 

3.7 

54 

Chlorite 

96 

214 

Chlorinity,  %, 

08 

1.0 

2.0 

298 

388 

433 

233 

260 

27-2 

7.4 

9.0 

200 

27.9 

312 

313 

40 

80 

120 

18.0 

450 

45.0 

45.0 

450 

272 

280 

280 

280 

260 

385 

43.0 

450 

31.5 

315 

315 

313 
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ricd  over  the  flood  to  exceed  that  of  the  ebb.  In  that 
case  a  water  particle  after  one  full  tidal  period  has 
not  returned  to  the  same  place.  Also,  the  tides  often 
rotate.  The  current  ellipses  mostly  have  their  long 
axes  parallel  to  the  coastline,  whereas  the  short  axes 
are  perpendicular  to  the  coast  (See  Fig.  13). 

The  tidal  regimes  in  tidal  flat  areas  (including 
wadden  areas)  have  characteristics  which  deserve 
special  consideration.  In  the  tidal  inlets  and  larger 
channels  the  tidal  currents  may  reach  very  high  val¬ 
ues.  The  strength  of  the  currents  decreases  rapidly 
towards  the  tidal  flats  bordering  these  channels  and 
near  the  coast.  The  decrease  is  less  rapid  along  the 
axis  of  a  channel.  liven  in  small  tidal  gullies,  high 
current  velocities  may  be  reached  during  part  of  the 
tidal  phase.  This  peculiar  condition  is  because  tidal 
flats  emerge  around  low  tide  when  a  relatively  small 
part  of  the  tidal  area  is  covered  with  water  (Van 
Straaten  and  Kuenen,  1958).  The  "wet  cross  section” 
of  a  gully  is  therefore  considerably  smaller  around 
low  tide  than  around  high  tide.  As  a  result,  the  water 
leaving  a  tidal  flat  area  at  the  end  of  the  ebb  has  only 
a  small  cross  section  available  to  pass  through;  the 
same  applies  to  the  water  entering  in  the  first  part  of 
the  flood.  Therefore,  in  small  tidal  gullies  maximum 
ebb  current  velocities  occur  shortly  before  low  tide, 
and  maximum  flood  currents  shortly  after  low  tide 
(Postma,  1961).  Ebb  and  flood  velocity  curves  thus 
may  deviate  considerably  from  a  symmetrical  shape 
(See  Fig.  7). 

The  high  current  velocities  occurring  in  tidal 
streams  are  accompanied  by  strong  turbulence,  and 
eddy  diffusivitv  values  up  to  500  cin2/sec  have  been 
found  (Gry,  1942).  Thorough  mixing  of  water  layers 
obliterates  vertical  density  differences.  Within  the 
system  of  estuarine  classification  the  tidal  areas  belong 
to  the  well-mixed  estuaries. 


brackish  water  than  in  salt  water.  A  summary  of 
relative  settling  rates  is  given  in  Figure  4. 

TRANSPORT  OF  SUSPENDED  MATTER 
BY  TIDAL  CURRENTS 

Water  Movements  in  Tidal  Areas 

In  shallow  water  the  vertical  tide  is  accompanied  by- 
ebb  and  flood  currents  which  often  reach  considerable 
strength.  Maximum  current  velocities  of  300  cm/sec 
and  more  have  been  registered  in  narrow  tidal  inlets. 
In  its  most  simple  form  the  horiiontal  tide  has  a  sinu¬ 
soidal,  symmetrical  sliajic.  and  the  amount  of  water 
carrier!  through  a  certain  point  over  the  ebb  equals 
the  amount  carried  over  the  flood.  In  very  shallow 
w-ater,  slack  water  coincides  with  high  and  low  tide ; 
this  is  the  case,  for  example,  in  small  tidal  gullies  such 
as  those  occurring  in  tidal  flats.  In  deeper  water,  the 
tum  of  the  tide  falls  behind  high  and  low  tide:  the 
time  lag  may  vary  from  2i  minutes  in  water  five 
meters  <leep,  for  example,  to  three  hours  in  30  meters. 

The  ideal  situation  of  a  symmetrical  tide  if  not 
often  realised.  In  coaxial  seas  a  residual  component  is 
often  present  which  causes  the  amount  of  water  car- 


Tidai.  Variations  in  Suspended  Matter 

Tidal  currents  are  usually  sufficiently  strong  and 
turlmlent  to  s-t  in  motion  considerable  amounts  of 
sus|>ended  matter.  The  quantities  and  grain  sizes  of 
the  material  at  a  fixed  point  fluctuate  with  current 
velocity  (Grv,  1942:  Limcburg,  1958;  Postma,  1954). 
Examples  arc  shown  in  Eigures  5-7.  The  turbulent 
motion  of  the  water  may  carry  even  coarse  sand  into 
the  surface  layers,  especially  when  tides  are  at  a  maxi¬ 
mum.  During  such  periods  certain  parts  of  the  sea 
surface  may  look  patchy  with  "clouds”  or  “mush¬ 
rooms"  of  sus|>endrd  sand  separated  by  less  turbid 
areas.  Changes  in  sediment  concentration,  as  meas¬ 
ured  by  point  samples,  are  therefore  sometimes  ir¬ 
regular.  Nevertheless,  tidal  variations  in  suspended 
matter  concentration  are  seldom  wholly  obscured. 

In  a  detailed  study  of  the  variations  of  suspended 
matter  over  a  tidal  period,  it  is  advantageous  to  con¬ 
soler  sejiaratcly  the  liehavior  of  "sand"  and  fine¬ 
grained  suspended  matter  or  "silt”  (Postma,  1954) 
In  shallow  tidal  waters  the  boundary  between  the  two 
fractions  may  often  be  placed  at  about  50  m.  but  the 
division  is  not  so  much  a  matter  of  principle  as  one  of 
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Fig.  5.  Vertical  and  horizontal  tide  and  suspended  mat¬ 
ter.  Sand  and  silt  are  separated  -t  about  50*.  Texel  ar»a, 
Wadden  Zee  (Postma,  1954). 


convenience.  The  argument  for  a  division  in  two 
fractions  is  that  the  material  called  sand  reacts  differ¬ 
ently  on  the  tidal  torrents  from  silt  (Fig.  5).  Of 
coutje.  silt,  defined  in  this  vague  manner,  may  con¬ 
tain  a  significant  amount  of  fine-grained  sand  besides 
clay  minerals,  particulate  organic  matter,  etc.  It  must 
!>e  observed,  as  pointed  out  earlier,  that  all  grain  sires 
refer  to  "ei|uivalent  sires"  measured  in  a  settling  tube 
without  pre-treatment  of  the  materia!. 

AccvMri.ATioN  or  Fine-Grained 
Suspended  Matter  rv  Lac  Fetects 

The  fine-grained  suspended  matter  react*  with  a 
certain  inertia  to  changes  of  current  velocity.  Usu¬ 
ally  there  is  a  time  lag  between  the  turn  of  the  tide, 
when  current  velocity  is  rero,  and  the  moment  at 
which  the  lowest  figures  for  suspended  silt  are  found 
This  lag  can  be  explained  by  the  fact  that  in  a  period 
of  decreasing  current  velocity,  some  time  it  needed  for 
the  material  to  settle  (Luttmer,  1950;  Postma,  I9S4). 


Fig.  6.  Tidal  variations  of  water  level  (m  above  bot¬ 
tom).  current  velocity  (cm/sec),  salinity  (%^  Cl),  and 
suspended  matter  (mg/1)  in  the  Boca  Vagre  of  the  Ori¬ 
noco  Delta  (Van  Andel  and  Postma.  1954). 

When  the  current  increases,  it  takes  time  before  the 
material  is  resuspended. 

The  lag  effect  has  lieen  used  to  explain  why  in 
many  tidai  Hat  areas  the  amounts  of  fine-grained  sus- 
l>ended  matter  are  often  considerably  higher  than  in 
the  adjoining  oj>en  sea.  Further  (see  Figs,  14  and 
15  I,  it  has  been  used  to  explain  why,  proceeding  land¬ 
ward  in  a  tidal  flat  area,  the  grains  in  the  bottom 
sediment  gradually  become  smaller. 

The  decrease  of  grain  sire  on  the  bottom  is,  pri¬ 
marily,  a  result  of  the  reduced  average  and  maximum 
current  velocities  from  the  open  sea  towards  the  coast 
In  a  tidal  area  connected  with  the  sea  by  tidal  inti* 
between  harrier  islands,  it  is  evident  that  in  and  near 
the  inlets  the  IxHtom  will  consist  of  coarse  sand,  be¬ 
cause  fine  sand  and  silt  are  winnowed  out  by  the 
strong  currents.  Near  the  coast  and  on  tidal  flats 
vhere  currents  are  weaker,  fine-grained  matter  pre¬ 
vails — the  coarse  sard  cannot  reach  these  places  and 
the  fine  materials  can. 

In  a  steady  state,  one  might  expect  a  decrease  of 
fine-grained  nutter  in  suspension  towards  the  coast. 
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or  no  concentration  differences  at  all.  That  the  con¬ 
centration  of  sus|>ensions  increases  towards  the  coast 
has  Iteen  demonstrated  extensively  for  various  parts 
of  the  tidal  flat  areas  ( wadden )  along  the  North  Sea 
coasts  of  Denmark,  Germany,  and  the  Netherlands. 
The  increase  is  found  during  calm  wea'her  as  well  as 
during  sioritis. 

The  fdienomenoti  has  lieen  explained  on  the  lias  is  of 
the  lag  effect  mentioned  above.  Instead  of  considering 
the  lieh.tvior  of  sus|>cndcd  matter  at  a  fixed  point,  it 
is  advantageous  to  follow  a  water  mass  over  a  tidal 
cycle  (I’ostma,  1954;  Van  Straaten  and  Kuenen, 
1957,  1958).  When  water  is  carried  landward  through 
a  tidal  channel  with  the  flood,  it  is  traveling  in  a  large 
channel,  its  flow  is  much  faster  than  farther  landward, 
and  it  contains  the  amount  of  silt  appropriate  to  the 
turbulence  caused  bv  this  rate  of  flow.  As  the  cur¬ 
rent  velocity  gradually  decreases,  |>art  of  the  silt  con¬ 
tent,  being  too  high  in  relation  to  the  slower  rate  of 
flow,  will  sink  to  the  bottom.  Because  silt  sinks 
slowly,  it  will  be  trans(>ortrd  farther  into  the  flood 
direction  than  if  sinking  took  place  more  quickly. 

After  the  tum  of  the  tide  the  water  mass  will  move 
in  an  opposite  direction.  However,  the  slow  reaction 
of  silt  on  the  decrease  of  current  velocity  causes  the 
silt  to  settle  in  places  where  the  current  is  too  weak  to 
carry  it  away.  Therefore,  if  ebb  and  flood  are  sym¬ 
metrical,  a  certain  fraction  of  silt  is  left  on  the  bottom. 
Tne  process  repeats  itself  every  tide.  As  a  result,  the 
bottom  in  the  inner  parts  of  the  area  becomes  very 
silly  and  there  is  a  high  concentration  of  suspended 
nutter  in  the  water.  In  the  steady  state  the  inward 
residual  movement  of  silt  is  balanced  by  the  loss  of 
silt  seaward  due  to  the  silt  gradient  in  the  water. 

Settling  Lag  and  St  our  Lag 
1 1 hstanccA’cloeity  Asymmetry) 

t  tmsidering  lag  effects  in  more  detail,  it  w  ill  lie 
assumed  that :  i  1  )  live  current  velocity  is  equal  at  all 
points  in  a  cross  channel  section ;  ( 2 1  the  tidal  curve 
is  a  svmmetrical  sinus  curve  at  all  |>oint>  i  5  i  the 
high  and  low  tide  occur  at  the  same  moment  through¬ 
out  tlie  area;  (4)  the  average  tidal  curren,  velocity 
slums  a  linear  decrease  from  the  open  sea  to  live- 
coast  or  a  watershed ;  and  I  5  >  the  vertical  tidal  range 
is  constant 


Under  these  assumptions  the  shapes  of  the  curves 
representing  the  relation  between  velocity  and  posi¬ 
tion  of  water  masses  at  various  distances  from  the 
shore  are  shown  in  Figure  8.  Velocity  is  plotted  on 
the  vertical  axis  and  distance  on  the  horizontal  axis. 
Although  the  tide  at  fixed  points  is  symmetrical,  the 
distance-velocity  curves  are  asymmetrical  t  Van  Strut- 
ten  and  Kuenen,  1957,  1958).  A  water  mass  moves 
in  ami  out  along  one  such  curve.  The  tangent  ( p)  at 
these  curves  represents  the  maximum  current  velocity 
in  each  |*>int ;  consequently,  this  tangent  meets  each 
curve  at  a  point  attained  by  the  water  mass  at  half 
tide.  The  higher  velocity  and  the  greater  distance 
covered  lii  on  the  seaward  side  of  this  point. 

With  the  aid  of  the  curves,  the  movement  of  a  sedi¬ 
ment  particle  during  a  tidal  period  can  be  described  in 
ntore  detail.  Two  la,;  phenomena  must  be  taken  into 
account.  First,  particles  settling  in  a  slackening  cur¬ 
rent  are  not  deposited  vertically  below  the  place 
where  they  start  to  drop  out;  they  require  time  to 
reach  the  bottom  ami  are  carried  along  some  distance 
before  tires  come  to  rest  (settling  lag).  The  other 
phenomenon,  based  on  the  difference  between  trans¬ 
port  velocity  and  erosion  velocity,  is  called  scour  lag. 

The  effect  of  settling  lag  will  be  considered  first, 
and  the  scout  lag  will  be  a->sumed  to  be  zero.  Suppose 
that  a  particle  requires  a  velocity,  V,,  to  be  held  in 
sus|ienston  and  that  it  is  lying  on  the  bottom  at  point 
1.  As  soon  as  the  passing  flood  current  has  attained 
the  velocity  V,,  the  particle  starts  to  travel  landward 
On  reaching  point  3,  the  current  has  slackened  to  the 
velocity  at  which  the  particle  begins  to  settle  while  the 
surrounding  water  is  still  carrying  it  landward  The 
distance  covered  depends  on  the  settling  velocity  of 
the  particle,  the  current  velocities  in  the  period  of 
sinking,  and  the  depth  of  the  water.  We  will  assume 
that  the  particle  reaches  the  bottom  at  point  5. 

The  water  which  surrounded  the  particle  continues 
to  travel  landward  until  jioint  A’,  and  then  returns 
with  the  ebb.  When  it  reache-  point  5  again  on  the 
ebb.  it  is  still  moving  too  slowly  to  pick  the  particle 
up.  It  remains  on  the  bottom  until  water  of  sufficient 
velocity  st  iris  to  pass.  This  water  belongs  to  a  curve 
Bit'  1  c.vinl  farthe»  landward  than  the  curve  A  A*. 
At  |«nnt  7  the  particle  starts  sinking  again,  and.  be¬ 
cause  oi  (lie  settling  lag.  it  is  deposited  at  point  9 


THm  utuMrat**  the  effects  of  srtlhog  lag  and  scaur  lag  (Van  Straiten  and  Kuenen.  |95ff). 
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Hence,  in  the  course  of  one  tidal  period  it  has  traveled 
landward  from  point  1  to  point  9.  The  particle  will 
move  closer  to  the  shore  with  each  tidal  cycle,  until 
the  flood  current  deposits  it  permanently  at  a  spot  so 
far  landward  (to  the  right  of  point  X)  that  the  ebb 
current  is  unable  to  lift  it. 

We  will  now  suppose  that  the  settling  lag  is  zero, 
but  the  critical  erosion  velocity  is  greater  than  the 
lowest  transportation  velocity.  This  effect  can  also 
be  demonstrated  by  Figure  &  It  will  again  he  as¬ 
sumed  that  the  particle  is  lying  on  the  bottom  at  point 
1.  When  the  critical  erosion  velocity  is  attained  the 
particle  is  set  in  motion.  Assuming  that  the  current 
has  slackened  to  the  lowest  transportation  velocity  in 
point  4,  the  particle  will  be  dropped  at  point  5.  Dur¬ 
ing  the  ebb,  the  critical  erosion  velocity  is  shown  by 
curve  BB'  The  water  mass  corresponding  to  this 
curve  will  carry  the  particle  away  and  deposit  it  at 
point  9.  Clearly,  if  settling  lag  and  scour  lag  act 
si.nultaneously,  each  tide  will  bring  the  particle  land¬ 
ward  faster  than  rich  lag  acting  separately. 

A  convincing  explanation  has  been  given  of  the 
mechanism  of  accumulation  of  fine-grained  material  in 
tidal  flat  areas  from  the  inlets  towards  the  shore,  or  in 
shallow  seas  where  tiie  horizontal  tide  decreases  to¬ 
wards  the  coast.  Rut  it  should  be  kept  in  mind  that 
a  number  of  simplifying  conditions  have  been  assumed 
which  may  not  be  present  in  natural  circumstances. 
The  movement  of  individual  particles  is  treated  with 
the  assumption  that  the  quantity  of  per  unit  volume 
particles  does  not  play  a  role.  In  other  words,  the  im 
portance  of  competency  (the  size  of  the  grains  a 
water  mass  at  a  given  velocity  can  carry)  has  been 
emphasized  and  the  capacity  l  the  amount  that  can  be 
transported)  has  been  considered  to  be  of  no  impor¬ 
tance.  The  reason  for  this  assumption  is  that  in  most 
tidal  flat  areas  the  arrwaints  of  suspended  sediment 
are  far  below  the  capacity  of  the  strong  current  veloc¬ 
ities.  The  only  suspeodahle  fine-grained  matter  that 
is  supposedly  available  to  the  currents  when  these 
begin  to  run  after  slack  water  is  that  which  lies  at  or 
close  to  'he  surface  of  the  bottom  sediments  between 
larger  grains.  I.vcn  in  the  period  of  maximum  cur¬ 
rent  velocity,  only  a  minute  fraction  of  the  enormous 
masses  of  sand  m  the  tidal  area  is  set  in  motion,  and 
only  a  very  small  amount  of  clayey  matter  is  set  free 
Ml  mud  particles  are  therefore  sujipoxed  to  he  taken 
into  susjicsisiin  as  ««  as  the  current  attains  the  nec¬ 
essary  velocity  tu  rvse  them  It  follows  ihat  from  the 
moment  the  panicles  of  a  certain  sire  fraction  are  set 
in  motion,  the  cimcmtratnei  of  this  fraction  should 
undergo  no  further  change  tmtil  it  settles  again  at  the 
end  of  the  tidal  phav 

Obsecrations  indicate  (Fig  71  that  coneent rations 
of  a  certain  sire  fraction  actually  fluctuate  more  with 
current  velocity  than  would  he  rejected.  Mud  jvar- 
Itdex  seem  to  become  available  in  greater  amounts 
with  increasing  current  retool r  Increasing  current 
velocities  may  cause  graduallv  deepening  hottewn 
•tour,  so  that  fine  sediments  are  set  in  motion  which 
at  lower  current  vet* cities  were  protected  against 


transportation  by  sand  grains.  When  the  current 
slackens,  part  of  the  finely  divided  suspended  mate¬ 
rial  may  already  be  deposited  in  sheltered  places  be¬ 
fore  the  main  current  has  dropped  below  the  critical 
value.  Hence,  even  if  capacity  in  the  strict  sense  does 
not  play  a  role,  something  very  much  like  it  probably 
does. 

T i me- 1  'cl only  Asymmetry 

Another  effect  is  the  influence  of  tidal  asymmetry. 
It  has  been  shown  above  that  the  theoretically  sym¬ 
metrical  tide  is  lost  if  a  specific  water  mass  is  followed 
Similarly,  the  time-velccity  curve  is  asymmetrical 
(I’osttna,  1961).  This  means  that,  in  an  area  where 
tidal  currents  decrease  from  the  open  sea  to  the  coast, 
the  period  of  low  current  velocities  is  longer  around 
high  tide  than  around  low  tide  (Fig.  9). 

It  has  further  been  shown  that  the  tidal  velocity 
curve  at  a  fixed  point  in  a  small  tidal  channel  is  in 
fact  asymmetrical,  having  its  maximum  nearer  to  low 
tide  than  to  high  tide :  this  holds  for  the  ebb  as  well  as 
for  the  flood  phase  (Figs.  7  and  10)  and  results  in  a 
much  longer  period  of  low  current  velocities  around 
high  tide  than  around  low  tide. 

Further,  in  a  tidal  flat  area  the  water  is  altemately 
spread  horizontally  over  a  large  area  at  high  tide  and 
confined  in  the  tidal  channels  at  low  tide.  Conse¬ 
quently,  the  at-erage  depth  of  the  water  is  greater  at 
low  tide  than  at  high  lute,  and  more  suspended  matter 
will  reach  the  bottom  at  high  tide.  This  condition 
may  contribute  to  an  accumulation  of  fine-grained 
matter  in  tnlal  flat  ami  coastal  areas.  Most  of  the  sedi¬ 
ments  earned  landward  with  the  flood  are  ileposited 
on  the  bottom  near  high  title.  Owing  to  settling  lag 
or  scour  lag.  or  both  effects  together,  the  material  is 
not  picked  up  bv  the  body  of  water  which  carried  it 
landward,  hut  by  water  heated  farther  landward 
Thus,  around  high  tide  the  jiarticles  undergo  a  shift 
toward  shore.  At  low  ttile  more  of  the  particles  re¬ 
main  in  susjietisum  ami  ib>  nut  umlergo  a  seaward 
shift.  The  net  result  is.  thrrrii  re.  a  landward  shift 
in  each  tnlal  cycle  Hus  mechanism  needs  less  spe¬ 
cific  assumjitions  than  the  one  tit  cusses!  earlier 

Difference  Hetteecn  Sfnmg  a»J  Seaf  T  xies 

The  strong  currents  pies  ailing  during  spring  tides 
will  gmerallv  bring  more  material  into  susjwnsKin 
than  live  rsrap  pile  currents  i  Fig  1!  i  Hence,  in  the 
neap  tide  j>e* i«»l.  j«art  ot  tlie  materia!  (karticipaUng  in 
the  tnlal  circulation  will  remain  on  the  hottum  for  as 
kmg  as  a  week  or  ten  das  s  The  material  will  have 
time  to  cmsolnlafe.  and  erosion  is  at  first  difficult  in 
the  nest  spring  tide  Once  the  material  is  set  in  mo¬ 
tion  it  wdl  he  resuspended  by  every  Idle  until  mass 
mum  tnlal  current  idor.lits  again  decrease 

t'oondering  a  whole  semilunar  cycle,  a  tidal  period 
hrforr  the  spring  title  maximum  must  rarer  less  mate 
rial  than  I  hr  cnrTrxpmdtng  period  after  the  spring 
tide  maximum  In  the  course  of  this  cycle  there  must 
be  a  line  lag  hrtwmi  mean  tidal  correct  vrkxitie* 
and  mean  silt  concentrations  Thu  effect  is  demon- 
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F'ig.  9.  Distance  velocity  (A)  and  time-velocity  ( F. )  curve*  fur  water  masse*  moving  in  a  tidal  area  (compare  F%. 
8)  showing  that  these  curves  art  asymmetrical,  although  the  corresponding  tsde*  (water  movements  at  fixed  points) 
are  symmetrical  The  asymmetry  is  due  to  the  decrease  of  iorironttl  tidal  amplitude  towards  the  shore  (Postma,  ’961). 


*1  rated  in  Figure  12  fot'  stations  off  tlie  coast  of  Brit¬ 
ish  tiuiaiut  i  Detr.crara  Coastal  Investigation.  1%2). 
The  sus|>oi<icd  matter  has  the  ian*c  projiertics  as  'hat 
shown  in  F'iguiv  2.  Tire  time  lag  bet  ween  the  velocity 
nUMHiutn  ami  the  silt  maximum  is  about  four  dis  s 
i  April  13-17.  !‘*>!  > 

KiUiltmiJ  I  Ur. '3 

In  many  shallow  coastal  seas  the  horiiontai  title 
does  n>. sunplv  carry  the  s  atrr  luA  and  forth.  Imt 
rotates  A  typical  stream  rosettr.  with  a  residual  cirT- 
mU  to  'lie  right,  is  slunsn  in  Figure  '.1.  Tile  tnlc  i» 
suppiscd  tu  ntatr  cloeVwoe  1)  it  s<  fnrtfier  assumed 
that  a  tutisflc  i.t  picked  up  at  a  trWity  V  t  ami  «k 
posited  at  lower  vriiwtx  V  -  ;t  will  is\!t  le  tram 
pirtcd  hi  the  currents  m  tlsr  shaded  -art  ..i  the 
«ntr  1  he  sum  >d  {lie  v-armit  sectors  in  this  part  can 
he  resstel  in  s  rCKnpom;  parallel  Jo  coast  ami 
another  Ci>eip,fncnt  pfijewlioiii:  to  ami  dircctrvl  to 
wards  the  coast  In  this  manner  susr-cvdnf  nyattrr 
may  In  caftiev}  towards  the  coast  ml  loss,  to  the  open 
tea  n;ay  F~  prevent'd 

i. oil*  V;r<-  Vo',-.  1 1->« 

The  rtf* trfav  of  the  amimita!.sn  pforrste*  dr 
ffihii  ah. is r  drpemh  iSitlf.wim  between  mvsKHi 
sefuciticx  and  miiliW  Uaaip.ttatiw  icieiltei,  and 
on  the  irtiliKs  vebscstir*  icormstHW  may  thtHnfe 


lie  quantitatively  different  lor  particles  of  different 
si.vs  i  I’ostma,  !’*>! )  Scour  lag  and  settling  lag  both 
increase  with  decreasing  diameter  of  particles;  how¬ 
ever.  the  relative  amount  reaching  the  bottom  at  slack 
water  iWpaes  with  decreasing  particle  sire  Con 
scuuenth.  with  increasing  sire  the  eftcivtscy  o.f  ac 
cirnolatmo  slur.ffd  *u>t  increase  and  then  decrease. 

An  cxaiuple  of  tlic  distribution  of  susjientled  matter 
from  a  tidal  inlet  tu  tile  roast  is  illustrated  in  F\fcurr 
1-1 .  I'ne  distribution  of  diffe'erf  sire  l. actions  over  a 
twLd  flat  area  m  the  \\  osklen  Zee  is  shown  in  F  igure 
!?  The  concentration  ap|ie.irs  jo  o.crease  towards  tlie 
shorr  t<*r  sire*  bel^w  !J8  ?  A  distinct  optimum  sire 
cam  - a  lx-  indicated  Kirn  materia!  smaller  than  8  j> 
’equivalent  diameter  i  usovs s  consular ah!e  accumula- 
h'«i  This  material  se-'t’es  with  a.  velocity  of  about 
ill  cm  hi  or  less  Assuming  a  transpwvrtata*!  velocity 
sit  ll>  cm  sec.  the  time  over  which  the  tsarrscle*  wilt 
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Fig.  10.  Tidal  asymmetry.  Curves  show  the  variations 
of  current  velocity  with  time  for  water  masses  in  a  tidal 
flat  area ;  A  for  a  water  mass  moving  in  a  channel,  B  for 
a  water  mass  moving  half  of  the  time  in  a  channel  and 
half  of  the  time  over  a  tidal  flat,  and  C  for  a  water  mass 
traveling  over  a  tidal  flat  and  reaching  the  low-water  line 
at  low  tide  (Postma,  1961). 


STATIONS 


Fig.  11.  Decrease  of  suspended  matter  with  increasing 
distance  from  the  coast  of  British  Guiana  during  spring 
and  neap  tides  (Demerara  Coastal  Investigation,  1962). 

general  conclusions,  it  may  be  tentatively  assumed 
that  the  accumulation  mechanisms  described  act  with 
good  efficiency  from  about  100  p  to  at  least  8  p. 

Transport  of  Coarse-Grained  Matter 

Information  concerning  the  transport  of  sand  in 
tidal  streams  is  rather  scarce.  Coarse-grained  mate¬ 
rial  is  transported  with  greater  difficulty  than  uncon- 
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Fig.  12.  Average  daily  siit  content  and  mean  maximum  ebb  and  flood  velocity,  showing  lag  of  silt  maximum  after 
the  spring  tide  maximum.  Station  near  the  coast  of  British  Guiana  (Demerara  Coastal  Investigation,  1962). 
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Fig.  13.  La',  effects  in  a  rotating  tide. 


solidated  fine-grained  n'atter  and  is  at  the  same  time 
transported  closer  to  the  bottom,  partly  as  bed  load 
(Niebuhr,  1955).  Besides  strong  currents,  wave  ac¬ 
tion  is  often  needed  to  set  material  into  motion 
(Postma,  19571.  As  a  result,  important  sand  trans¬ 
port  may  be  restricted  to  periods  of  strong  winds.  It 
is  difficult  to  obtain  satisfactory  observations  during 
such  periods. 

The  information  discussed  above,  obtained  in  tidal 
flat  areas  and  tidal  lagoons,  indicates  that  lag  effects 
are  of  no  importance  for  sand  grains  larger  than  about 
100  p.  Evidently,  such  particles  sink  too  fast  (about 
one  meter  in  two  minutes)  to  show  an  important 
settling  lag.  There  must  be  some  scour  lag,  but  this 
effect  seems  insufficient  to  jenerate  a  significant  con¬ 
centration  gradient  towards  the  coast.  Moreover,  at  a 
relatively  great  distance  from  the  coast  the  strength  of 
the  tidal  currents  is  apparently  inadequate  to  keep 
sand  in  suspension.  This  fact  contributes  to  the  for¬ 
mation  of  tidal  flat  areas.  An  imaginary  tidal  area 
may  be  visualized  in  which  no  depth  differences  have 
yet  developed  (Van  Bendegom,  1950).  In  principle, 
the  current  velocities  in  parallel  stream  trajectories 
are  the  same,  but  actually  slight  differences  will  occa¬ 
sionally  occur.  The  slightly  stronger  current  will 
erode  more  sand,  thus  forming  a  channel;  the  eroded 
sand  will  be  passed  laterally  to  the  weaker  current 
and  be  deposited.  In  this  way,  differences  in  depth 
will  be  created ;  the  currents  in  the  channels  will  in¬ 
crease  in  strength  and  those  on  the  shallows  will 
diminish.  More  sand  will  be  transported  from  the 
former  to  the  latter  until  differences  in  depth  and 
current  velocity  have  become  so  large  that  nearly  all 
sand  transport  is  confined  to  the  channels.  In  more 
precise  terms,  the  process  will  come  to  an  end  when 


all  concentration  differences  in  a  horizontal  plane 
have  disappeared.  Because  of  the  great  depth  differ¬ 
ences  on  tidal  flats  and  near  the  coast,  only  small 
amounts  of  sand  are  in  suspension. 

Continuing  this  line  of  reasoning,  it  seems  evident 
that  even  small  amounts  of  sand  should  eventually  in¬ 
crease  the  height  of  the  tidal  flats  to  the  high  tide 
level.  Many  tidal  flats  indeed  attain  this  stage  of 
development  and  are  finally  covered  with  fine-grained 
matter.  But  a  number  of  them  never  develop  to  this 
level  either  because  of  wave  action  caused  by  wind  or 
sand  shortage  combined  with  the  rise  of  sea  level.  The 
development  depends  on  the  amounts  of  sand  available 
or  the  climate  and  the  exposure  to  the  wind  of  the 
region.  In  a  moderately  exposed  area  like  the  Wad- 
den  Zee,  the  waves  may  prevent  the  growth  of  tidal 
flats  to  the  final  stage  (Postma,  1961).  Current  veloc¬ 
ities  determine  deposition  in  tidal  channels,  but  sedi¬ 
mentation  on  the  tidal  flats  is  often  regulated  by  wave 
action. 

A  typical  phenomenon  in  tidal  flat  areas  is  the  for¬ 
mation  of  ebb  and  flood  channels  (Van  Straaten, 
1960a,  b;  Van  Veen,  1950).  A  tidal  channel  cross 
section  should  often  be  subdivided  into  two  parts.  In 
one  part  the  ebb  current  predominates;  in  the  other, 
the  flood  current.  The  phenomenon  is  caused  by  the 
inertia  of  flowing  water,  which  tends  to  follow  a 
straight  line.  If  the  tidal  flats  were  constantly  emer¬ 
gent,  this  inertia  would  result  in  a  normal  meander¬ 
ing  system.  In  the  period  of  submergence,  however, 
the  water  is  able  to  follow  a  path  over  the  banks 
instead  of  the  meanders,  which  results  in  a  secondary 
channel,  becoming  gradually  shallower  with  increas¬ 
ing  distance  from  the  main  channel.  In  this  manner, 
the  main  channel  may  be  divided  into  two  branches; 
in  one,  the  flood  predominates,  in  the  other,  the  ebb. 
In  most  cases  the  original  meandering  course  is  fol¬ 
lowed  by  the  ebb  and  the  shortcuts,  by  the  flood.  The 
development  of  shortcuts  by  the  ebb  may  be  prevented 


Fig.  14.  Distribution  of  suspended  matter  <50j»  in  the 
Texel  area  (Wadden  Zee),  showing  the  increase  of  con¬ 
centrations  from  the  tidal  inlet  to  the  coast.  The  values 
(in  mg/1)  are  the  averages  of  measurements  over  a  full 
tide  at  different  depths  (Postma,  1954). 
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Fig.  IS.  Distribution  of  suspended  matter  in  a  vertical  profile  of  the  Wadden  Zee  (Ameland  area)  from  a  tidal  inlet 
to  the  shore.  The  values  are  average  concentrations,  in  mg/1,  of  different  grain-size  fractions  through  a  tidal  period. 
The  concentrations  appear  to  increase  towards  the  shore  for  five  fractions  ( <8,  8-16,  16-32,  32-64,  and  64-128 fi).  The 
coarser  fractions  do  not  show  this  increase  (Postnia,  1961). 


by  the  return  of  water  from  the  tidal  flats  to  the  chan¬ 
nel,  thus  confining  the  current  to  its  original  course. 
During  the  flood,  water  flowing  from  the  channel  to 
the  tidal  flats  may  assist  in  attacking  the  sides  of  the 
channel 

TRANSPORT  OF  SUSPENDED  MATTER 

IN  ESTUARINE  CIRCULATION  SYSTEMS 

Estuarine  Water  Movement 

The  term  “estuarine  circulation”  is  applied  to  water 
movement  in  which  density  differences  caused  by  the 
supply  of  river  water  are  second  in  importance  only 
to  tidal  influence.  In  the  lower  part  of  the  river  the 
influence  of  the  tide  is  first  observed  as  a  slight  peri¬ 
odical  rise  and  fall  of  the  water  level,  which  hardly 
influences  the  seaward  flow  of  fresh  water  ("upper 
boundary  of  the  vertical  tide).  Gradually  the  tide  be¬ 
comes  more  important,  and  the  runoff  is  periodically 
retarded  until,  at  a  certain  point,  a  weak  flood  tide 


becomes  perceptible.  The  point  where  the  one-way 
movement  of  water  changes  to  a  back-and-forth  move¬ 
ment  will  be  called  the  upper  boundary  of  the  hori¬ 
zontal  tide.  Below  this  boundary  the  water  may  still 
remain  fresh  over  a  large  distance.  The  horizontal 
tide,  however,  becomes  gradually  more  pronounced, 
and  at  a  certain  point  at  the  river  bottom  the  first 
traces  of  salt  water  can  be  detected.  Soon  the  salt  in 
fluence  becomes  perceptible  at  the  surface.  The  salt 
boundary  can  be  described  as  a  plane  sloping  land¬ 
ward  and  moving  up  and  down  with  the  tide. 

Below  the  salt  boundary  the  salinity  gradually  in¬ 
creases  to  open  sea  values.  Close  to  the  boundary  the 
horizontal  tide  is  usually  relatively  weak  and  salinity- 
differences  along  the  vertical  are  large.  Farther  sea¬ 
ward  the  tidal  influence  increases  and  gradually  causes 
a  better  mixing  of  bottom  and  surface  water.  If  the 
tide  is  sufficiently  strong,  a  point  will  lie  reached 
where  vertical  salinity  differences  have  practically 
disappeared.  This  point  is  the  lower  limit  of  the 
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Fig.  16.  Profile  showing  current  velocity  and  chlorinity  at  the  mouth  of  North  Pass,  Mississippi  River  Delta. 
Upper  diagrams  show  surface  speeds  along  channel  axis.  Diagrams  cm  the  left  show  the  outward  flow  during  moder¬ 
ately  high  river  stage  extending  to  the  bottom  at  the  bar.  Salt  water  included  during  the  preceding  high  tide  is 
rapidly  flushed  out  during  the  ebb.  Profiles  at  right  show  the  lower  river  stage :  the  current  is  not  affected  by  the 
bar,  the  water  rides  over  the  salt  wedge,  and  the  speed  decreases  smoothly  in  the  channel  and  over  the  bar  (From 
Scruton,  1960;  Shepard,  1960). 

"stratified  estuary”  and  the  upper  boundary  of  the  cation  is  maintained  over  the  whole  tidal  cycle,  and 
"mixed  estuary”.  The  mixed  parts  of  the  estuary  the  salt  wedge  is  a  permanent  feature.  Water  move- 
closely  resemble  the  tidal  areas  discussed.  ment  inside  this  wedge  may  be  very  slow.  In  such 

The  estuarine  circulation  takes  place  in  the  strati-  cases  the  wedge  may  be  filled  up  with  sediments,  so 
fied  area.  Due  to  density  differences,  mainly  caused  that  a  bar  is  formed, 
by  salinity  differences,  saltwater  movement  in  the 

lower  water  layer  has  a  net  transport  upstream.  It  urbidity  axima 

mixes  in  a  vertical  direction  and  carries  part  of  the  In  the  lower  reaches  of  many  rivers  where  an  estu- 
salt  water  upward  into  the  upper  water  layers,  where  arine  circulation  is  developed,  the  concentrations  of 
it  is  carried  seaward  with  the  fresh  water  (Figs.  16 
and  17). 

One  consequence  of  this  manner  of  transport  is  that 
in  the  estuarine  region  the  river  loses  its  contact  with 
the  river  bed.  This  does  not  mean  that  no  river  water 
reaches  the  bottom,  for  part  of  it  is  mixed  downward. 

As  a  result  of  the  mixing  processes,  the  underlying 
saltwater  body,  the  salt  wedge  (Van  Veen,  1952),  be¬ 
comes  gradually  less  salt  upstream,  and  the  overlying 
water  increases  in  salinity  downstream. 

Averaged  over  a  whole  tidal  cycle  there  is  a  plane 
of  no  motion  between  the  upper  seaward-moving  water 
and  the  lower  landward-moving  water  (Fig.  16). 

River  water  supply,  mixing  intensities,  and  tidal  cur¬ 
rents  change  from  one  moment  to  the  other.  During 
the  flood  maximum,  for  example,  the  whole  estuarine 
water  body  may  move  landward,  and  turbulence  may 
be  so  strong  that  vertical  salinity  differences  practi¬ 
cally  vanish ;  such  a  state  of  complete  mixing  rarely 
occurs  during  the  ebb  tide.  Fig.  17.  Formation  of  •  bar  in  a  salt  wedge  (Van 

In  estuaries  with  a  weaker  tidal  influence,  stratifi-  Veen,  1950). 
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Fig.  18.  Turbidity  maximum  and  salinity  in  the  York 
River  (Nelson,  1960). 

suspended  matter  often  attain  values  considerably 
higher  than  those  in  the  river  water  and  in  the  sea 
(Alexander  el  al„  1935;  Glangeaud,  1938;  Lfineburg, 
1939;  Mann,  1958;  Postma  and  Kalle,  1955).  The 
existence  of  these  turbidity  maxima  has  been  proved 
in  many  river  mouths  (Figs.  18-20).  Since  the  peak 
of  the  turbidity  maximum  is  often  located  near  the  salt 
boundary,  it  has  sometimes  been  assumed  to  be  caused 
by  flocculation  processes  (Liineburg,  1939).  Usually 
its  existence  is  due  to  hydrodynamic  conditions 
(Postma  and  Kalle,  1955). 

A  sediment  particle  carried  downstream  with  the 
river  water  may  sink  into  the  lower  water  layer. 
Since  residual  water  movement  in  this  layer  is  di¬ 
rected  upstream,  the  particle  will  now  move  in  the 
opposite  direction.  Vertical  mixing  may  eventually 
bring  the  particle  back  into  the  upper  water  layer,  so 
that  it  is  again  carried  seaward.  The  process  may  be 
repeated,  or  the  particle  may  be  carried  to  the  sea. 
Theoretically,  a  particle  may  be  carried  back  and  forth 
a  number  of  times  More  it  finally  escapes. 

Similarly,  suspended  matter  of  marine  origin  is 
carried  upstream  in  the  salt  wedge.  The  stratified 
region  therefore  acts  as  a  sediment  trap  in  which 
sedimentary  material  of  either  freshwater  or  marine 
origin  may  be  circulated  many  times.  Thus,  high  con¬ 
centrations  of  suspended  matter  may  be  accumulated. 

The  magnitude  of  a  turbidity  maximum  depends  on 


a  number  of  factors,  and  the  amount  of  suspended 
matter  in  the  river  or  the  sea  is  most  important.  The 
strength  of  the  estuarine  circulation  is  a  second  im¬ 
portant  factor.  The  settling  velocity  (equivalent  grain 
size)  of  the  available  material  also  exerts  a  strong 
influence.  Turbidity  maxima  exist  not  only  in  strati¬ 
fied  flow  conditions,  but  also  in  well-mixed  estuaries. 

Greater  river  flow  pushes  the  turbidity  maximum 
towards  the  sea  and  at  the  same  time  depresses  its 
magnitude.  The  depression  may  be  explained  as  fol¬ 
lows  :  assuming  that  the  tidal  forces  remain  the  same, 
an  increase  of  river  discharge  will  cause  better  strati¬ 
fication  and  less  vertical  mixing.  This  will  decrease 


Fig.  19.  Turbidity  maximum  in  the  Ems  Estuary. 
Suspended  matter  in  mg/1;  chlorinity  in  %v\  total  phos¬ 
phorous  in  pg-at/l.  Observations  at  tlic  surface  and  near 
the  bottom  (bottom  +  1  m).  The  phosphorus  distribu¬ 
tion  shows  that  mainly  inorganic  matter  is  accumulated 
in  the  turbidity  maximum;  the  chlorophyll-phosphorus 
relation  indicates  the  boundary  between  organic  marine 
matter  (high  values)  and  organic  matter  of  the  fresh 
water  (low  values)  (  Pojtma,  I960). 


upstream  water  transport  in  the  salt  wedge.  The  flow 
of  river  water  to  the  sea  will  be  accelerated.  As  a 
result,  the  opportunity  for  entrapment  of  particles  is 
reduced,  and  concentrations  of  suspended  matter  must 
decrease. 

It  should  he  added  that  very  low  river  discharges 
must  also  be  detrimental  to  the  development  of  a  tur¬ 
bidity  maximum,  since  the  estuarine  circulation  may 
practically  disappear.  Hence,  in  a  constant  tidal  re¬ 
gime,  a  certain  volume  of  river  discharge  will  be 
optimal  for  the  formation  of  the  turbid  zone. 

Only  a  few  observations  are  available  concerning 
the  grain  size  of  the  suspended  matter  caught  in  a 
turbidity  maximum  (Postma.  1960).  It  seems  rea¬ 
sonable  to  assume  that  under  a  given  set  of  conditions 
only  a  restricted  size  range  can  be  present.  If  par¬ 
ticles  sink  slowly  they  will  escape  to  the  open  sea,  as 
there  will  not  be  sufficient  time  to  settle  into  the  bot¬ 
tom  layer  (Fig.  21).  The  concentration  of  such  par¬ 
ticles  in  the  turbidity  maximum  should,  therefore, 
hardly  exceed  the  concentrations  in  the  river  and  the 
sea.  If.  on  the  other  hand,  particles  sink  rapidly, 
vertical  mixing  will  not  he  able  to  carry  them  back 
into  the  surface  layer.  Hence,  only  suspended  matter 
of  a  s|>ecific  size  will  be  repeatedly  recirculated  and 
participate  in  the  formation  of  the  turbidity  maximum. 

Size  fractionation  may  be  important  when  the  grain 
size  of  sus|>ended  matter  of  the  river  differs  from  that 
of  the  sea.  If,  for  example,  the  river  material  is  con¬ 
siderably  finer  than  the  marine  matter,  the  turbidity 
maximum  mav  be  formed  chiefly  of  the  latter.  The 


reverse  may  also  occur,  but  the  predominance  of  ma¬ 
rine  sediments  in  many  estuaries  suggests  that  the 
first  example  is  of  greater  importance. 

Penetration  of  Suspended  Matter 
From  Salt  into  Fresh  Water 

Upstream  from  the  peak  of  the  turbidity  maximum 
the  silt  content  of  the  water  gi  adually  decreases.  This 
decrease  does  not  end  where  the  water  is  completely 
fresh,  as  would  be  expected,  but  is  often  continued  in 
the  pure  river  water  (Fig*.  18-20).  Evidently,  sus¬ 
pended  silt  can  "diffuse”  from  the  turbidity  maximum 
against  the  residual  flow  into  the  fresh  water  (Deir- 
erara  Coastal  Investigation,  1962).  This  upstream 
diffusion  is  influenced  by  the  tide.  One  might  suppose 
that  suspended  matter  carried  upstream  by  the  flood 
temporarily  settles  during  the  ebb  and  is  subsequently 
carried  farther  upstream  by  the  following  flood.  Ob¬ 
viously  this  process  works  only  as  tong  as  the  tide  is 
strong  enough  to  cause  a  reversal  of  the  current. 

The  important  conclusion  of  this  observation  is 
that  deposition  of  marine  mud  can  take  place  in  the 
lower  parts  of  a  river  where  salt  water  never  pene¬ 
trates.  Remains  of  mar-ne  diatoms  have  been  ob¬ 
served  in  freshwater  deposits  (Brockmann,  1908, 

1929). 

It  has  been  shown  that  particulate  matter  is  floccu¬ 
lated  by  sea  water.  Since  this  process  is  often  rever¬ 
sible,  material  carried  from  the  sea  into  the  fresh 
water  may  be  deflocculated.  Eventually,  it  will  again 
move  downstream  into  the  salt  water  and  flocculate 
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CONCENTRATION  OF  SUSPENDED  MATERIAL 


Fig.  21.  Vertical  distribution  of  suspended  matter  off  the  Mississippi  Delta,  indicating  slow  settling  velocity  of 
particles  in  the  upper  layers  (surface  maxima  at  Stations  74  and  76)  (Scruton,  1956). 


again.  In  principle,  this  may  be  repeated  many  times. 
The  process  described  here  illustrates  that,  in  order  to 
obtain  reliable  measurements  on  the  silt  supply  of 
rivers,  it  is  necessary  to  carry  out  observations  up¬ 
stream  from  the  upper  boundary  of  the  horizontal  tide, 

BOTTOM  SEDIMENTS 
Tidal  Flat  Deposits 

The  deposits  in  tidal  flat  areas  such  as  the  wadden 
along  the  North  Sea  coast  vary  from  coarse  sand  to 
very  fine-grained  mud  (Guilcher,  1963;  Hiintzsehel, 
1939;  Liineburg,  1957;  Postma,  1954;  Van  Straaten 
and  Kuenen,  1957,  1958).  The  average  grain  sizes 
tend  to  decrease  from  the  tidal  inlets  towards  the  coast 
and  the  tidal  flats.  The  clay  content  generally  in¬ 
creases  in  the  same  direction  ( Figs.  22  and  24). 

This  configuration  can  be  explained  partly  by  the 
landward  decrease  of  tidal  current  velocities,  the  de¬ 
crease  of  wave  action  in  that  direction,  or  the  supply 
of  fine-grained  matter  from  the  land.  The  accumula¬ 
tion  processes  described  earlier  will,  however,  give 
strong  support  to  the  formation  of  fine-grained  muds. 
It  may  even  be  asked  whether  in  many  areas  such  a 
formation  is  not  a  result  of  these  processes.  Often 


the  concentration  of  suspended  matter  in  the  sea  ad¬ 
joining  the  tidal  flat  area  is  very  low.  If  no  other 
sources  of  silt  are  available,  it  is  difficult  to  understand 
how  large  amounts  of  mud  could  be  deposited  without 
the  action  of  accumulation  mechanisms,  particularly 
in  areas  where  storms  seem  capable  of  removing  all 
fine  material. 

These  are  not  simple  questions — several  organic 
factors  also  come  into  play.  Dense  shell  populations 
may  filter  clay  from  the  water  and  return  it  in  the 
shape  of  pseudo- feces  and  fecal  pellets  which  are  diffi¬ 
cult  to  erode.  In  some  instances,  the  bottom  animals 
are  able  to  filter  the  whole  water  mass  of  a  tidal  area 
within  a  few  weeks  or  even  a  few  days  (Verwey, 
1952).  On  tidal  marshes,  mud  may  be  caught  by  vari¬ 
ous  plants,  and  mud  flats  formed  along  coasts  where 
suspended  clay  in  the  ocean  water  is  almost  absent 
(Phlcger  and  Ewing,  1962).  Bottom  diatoms  may 
produce  thick  cohesive  layers  of  organic  matter  which 
prevent  the  escape  of  clay. 

Since  the  material  in  a  tidal  flat  area  is  moved  back 
and  forth  many  times  by  tirlal  action  before  being  de¬ 
bited  for  a  longer  period,  a  correlation  of  sedimen¬ 
tary  properties  and  environmental  conditions  can  be 
attained  (Krumbein  and  Aberdeen,  1937;  Krumbein, 
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Fig.  22.  Percentages  of  fine-grained  matter  (lutite, 
<2/*)  in  the  Lauwers  Zee,  showing  increase  towards  the 
coast.  Wadden  Zee.  1  =  0-1.5%;  2  =  l,5-3.0%;  3  = 
3-5%;  4  =  5-8% ;  5  =  8-12%;  6  =  12-17%;  7  =  17- 
25%;  8  =  >25%;  9  =  marshes  (Van  Straaten  and 
Kuenen,  1957). 

1939).  Not  only  the  grain-size  distribution,  but  that 
of  other  components  such  as  organic  matter,  iron 
oxide,  calcium  carbonate,  etc.  indicate  that  the  dis¬ 
tribution  patterns  are  determined  by  slight  differences 
in  current  velocities  or  wave  action  (Liineburg, 
1957). 

It  has  been  shown  that  on  tidal  flats,  wave  action 
often  predominates  over  currents.  The  distribution  of 
wave  activity  over  a  tidal  flat  is  determined  by  the 
force  of  incoming  waves  and  the  generation  of  waves 
on  the  flats  themselves  (Postma.  1957).  Waves  may 
arrive  from  a  neighboring  deep  channel  and  gradu¬ 
ally  lose  strength  when  travelling  in  shallow  water. 
This  effect  in  itself  results  in  a  decrease  of  grain  size 
away  from  the  channel.  Waves  formed  in  the  flats 
cause  more  turbulence  where  the  water  is  shallow,  and 
grain  size  increases  with  decreasing  depth.  Quite 
frequently  the  second  effect  is  of  greater  importance 
than  the  first.  An  example  is  giver  in  Figure  23.  To 
understand  the  grain-size  distributions,  one  should 
know  that  the  wind  and  the  larger  waves  travel  from 
west  to  east.  The  distance  travelled  by  the  waves  over 
the  tidal  flat  is  clearly  the  most  important  facto.',  be¬ 
cause  the  median  grain  size  decreases  from  west  to 
east.  In  other  instances  the  isolines  may  partly  follow 
the  depth  contours,  except  near  the  coast,  where  fine¬ 
grained  muds  are  deposited. 

Figure  23  further  illustrates  the  fact  that  in  the 
Wadden  Zee  current  influence  prevails  in  the  chan¬ 
nels,  whereas  wave  influence  dominates  on  the  tidal 
flats.  A  grain-size  minimum  is  found  on  the  slope  be¬ 
tween  channel  and  flat.  This  minimum  indicates  that 
the  channel  edge  is  too  deep  to  be  influenced  by  the 
waves,  but  at  the  same  time  is  too  far  away  from  the 
axis  of  the  channel  to  be  ex|K>sed  to  strong  currents. 

The  distributional  patterns  of  sediments  in  tidai  flat 
areas  reflect  rather  faithfully  the  hydrodynamic  |>ai- 


terns.  The  recurrent  selective  operation  of  tidal  cur¬ 
rents  and  waves  results  in  a  very  good  degree  of  sort¬ 
ing  of  the  sand  deposits  comparable  to  that  on  beaches 
and  in  dunes. 

As  the  distribution  of  sediments  is  primarily  deter¬ 
mined  by  oscillating  water  movements,  it  provides  no 
clue  to  the  origin  of  the  deposits.  Reliable  information 
concerning  the  source  of  tidal  flat  sediments  is  there¬ 
fore  rather  scarce.  The  major  problem  is  to  decide 
whether  the  material  is  of  marine  or  fluviatile  origin, 
taking  the  location  of  the  sediments  after  the  last 
glacial  stage  as  a  starting  point.  The  two  principal 
possibilities  are  that  sediment  moved  landward  with 
the  rise  of  sea  level,  or  that  sediments  were  carried 
down  by  the  rivers.  Extensive  investigations  in  the 
Wadden  Zee  have  led  to  the  conclusion  that  all  grain- 
size  fractions  present  in  this  area  originate  from  the 
North  Sea  (Crommelin,  1940,  1948;  Favejee,  1951; 
Postma,  1954;  Van  Straaten,  1954,  1960;  Wiggers, 
1960).  In  the  lagoons  along  the  Gulf  of  Mexico  the 
rivers  apparently  are  the  principal  source  of  sediments 
(Shepard,  1953;  Shepard  and  Moore,  1954).  It  should 
be  realized,  however,  that  these  conclusions  are 
reached  by  indirect  evidence.  A  definite  answer  to 
the  question  is  impossible,  because  the  division  into 
marine  and  terrigenous  sediments  is  rather  artificial. 

Neakshoke  Deposits 

The  distribution  of  sediments  on  a  nearshore  slope 
which  gradually  descends  into  deeper  water  is  essen¬ 
tially  characterized  by  zones  of  different  deposits  with 
boundaries  parallel  to  the  depth  contours  or  to  the 
coastline.  The  characteristics  of  the  sediments  are 
largely  determined  by  water  movements.  In  the  Rock- 
port  area  of  the  Gulf  of  Mexico,  for  example,  the  de¬ 
posits  near  the  coast  consist  of  coarse  sand.  Seaward, 
the  sand  content  decreases  rapidly,  and  the  outer  shelf 


Fig.  23.  Variations  of  median  grain  sizes  in  a  traverse 
over  a  tidal  flat  and  a  channel  in  the  Wadden  Zee  (Ter- 
sc helling  area).  Note  the  grain-size  minimum  on  the  slope 
( Postma.  1957). 
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sediments  consist  of  clay  and  silt.  The  presence  of 
coarse  sands  near  the  coast  is  due  to  wave  action 
which,  in  the  case  of  the  Texas  coast  during  hurri¬ 
canes,  can  reach  to  a  depth  of  at  least  10  meters. 
The  waves  stir  up  the  fine  sediment,  part  of  which 
may  be  deposited  in  the  lagoons ;  the  remainder  is  de¬ 
posited  on  the  shelf  in  deeper  water.  Tides  and  cur¬ 
rents  are  of  small  importance  in  this  area.  Similar 
conditions  occur  in  the  Mediterranean  (Van  Straaten, 
1960a,  b). 

A  decrease  of  grain  site  away  from  the  coast  is  by 
no  means  a  general  phenomenon.  In  areas  where  tidal 
streams  or  currents  are  strong,  no  silt  at  all  may  be 
deposited  and  sandy  deposits  may  prevail  to  the  edge 
of  the  shelf  (Guilcher,  1963).  In  many  cases  grain 
sixes  even  increase  in  this  direction. 

Sandy  deposits  may  also  be  an  inheritance  from 
Pleistocene  conditions  Such  deposits  often  are  not  in 
equilibrium  with  present  hydrodynamic  conditions 
which  would  allow  the  deposition  of  smaller  grains. 
In  many  areas  deposits  have  not  been  covered  by  fine¬ 
grained  nutter  because  water  rriovements  are  still  too 
rough  to  allow  deposition  of  silt,  or  berause  no  silt  or 
fine  sand  is  carried  over  these  parts  of  the  shelf.  Ex¬ 
amples  are  the  deposits  on  the  shelf  otf  the  Mississippi 
Delta. 

In  areas  with  a  very  large  supply  of  mud,  as  the 
coast  of  the  Guianas.  the  sediment  may  become  pro¬ 
gressively  finer  towards  the  coast,  notwithstanding 
considerable  activity  of  waves  and  currents  up  to  the 
coastline  (Demerara  Coastal  Investigation,  1962) 
Any  of  the  accumulation  processes  already  discussed 
may  be  responsible  for  the  mud  against  the  shore.  As 
a  result  of  these  processes  tlie  mud  cannot  escape  to 
the  outer  shelf,  and  concentrations  of  suspended  mat¬ 
ter  reach  very  high  values  on  the  inner  shelf.  These 
high  concentrations  in  turn  give  rise  to  mud  dejxisi- 
tion.  although  strong  wave  ami  tidal  action  occur. 
The  situation  is  comparable  to  conditions  under  which 
fine-grained  matter  is  deposited  in  tidal  flat  areas. 
Also,  the  outer  [art  of  a  shelf  can  I*  kept  free  of  mud 
even  if  verv  large  amounts  are  present  in  the  a  ’join¬ 
ing  coastal  rone 

The  action  of  distributive  forces  is  also  reflected  in 
secondary  priqwrtirs  of  n-ar shore  sediments,  such  as 
the  percentages  of  organic  carbon  and  nitrogen,  the 
distribution  id  organic  remains,  the  concentration  of 
calcium  carbonate  ami  iron,  the  roumlness  of  sand 
grams,  etc. 

As  an  example.  Figure  24  shows  the  relative  alum 
dance  of  three  cla*  mineral  tyjies  in  the  environmental 
succession  Montnorillnnilr  is  relatively  most  at>un 
ilant  in  fine  grained  deposits  of  hays  ami  outer  shelf 
areas,  chlorite  ami  diitc  show  approximate!*  ihe  same 
distribution  It  has  hem  sutq»o»ed  that  this  distribu¬ 
tion  is  caused  bv  the  transition  of  one  clay  mineral 
into  another  The  supposition  is  haxed  on  the  obser¬ 
vation  that  montntoi illon  tr  in  sea  water  may  he 
slowly  transformed  into  ilhlf.  ami  it  rxjiGins  why  the 
rate  of  montmonllonitr  to  dhte  at  one  point  deerrasrs 
with  the  depth  of  Uirtal  or  the  time  of  defa  It 
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Fig.  24.  Relative  abuntlance  of  three  clay  minerals  in 
the  Rockport  area  in  a  series  of  deposits  fnxn  a  delta  to 
the  open  sea  ( From  Shepard  and  Moore.  1954  > . 


is  not  evident,  however,  why  sediments  in  tlte  middle 
part  of  the  section  shown  in  the  diagram  should  be 
older  titan  'he  sediments  on  the  two  ends.  It  seems 
more  convincing  to  aserdw  the  difference  in  relative 
abumlance  to  differential  sedimentation,  because  mont 
moritlomte  settles  less  rapidly  than  the  other  minerals 
Differential  sedimentation  in  the  same  sense  has  also 
been  observed  off  the  coast  of  Venezuela  at  the  mouth 
oi  the  Orinoco  River  (  Van  Amici  and  I’ostma.  1954) 

Along  many  shores,  oblique  wavrs  and  residual  cur 
rents  generate  sediment  tran*|iort  parallel  to  the  coast- 
In  c.  This  phenomenon  lias  been  studied  extensively 
for  samis  in  tlie  surf  zvcir.  hut  it  also  applies  to  fine¬ 
grained  materials  which  may  he  transported  much 
more  rapidly  than  samis.  Tosses  to  ilcepcr  water  ma\ 
he  prevented  or  diminished  by  accumulation  processes 
It  seems  probable,  ior  example,  that  tlie  suspended 
matter  o  tlie  Amazon  River  is  earned  to  the  west 
along  the  coast  of  'be  Guianas  over  many  hundreds 
of  nuirs  i  Demerara  (  nuUl  Investigation  1962. 
kevne.  1961  i  Ihiro.g  this  transport,  mud  from  the 
Amazon  apparently  travels  upstream  in  many  river 
mouths  Mini  found  at  a  certain  |art  of  a  coastline 
ma_.  have  its  origin  at  a  quite  dilTerrnt  jart  of  the 
oust,  and  mud  found  in  an  evtmrv  m.i*  nut  all  origi 
nate  from  the  river  of  liul  specific  estuary  hsit  from 
another  estuarine  region 

Kstr  vtixi  Ihmvm 

F’ recti  a  sevhmentiJogwal  poml  of  view,  it  wrens 
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appropriate  to  restrict  the  use  of  the  word  “estuary" 
to  those  portions  of  a  river’s  mouth  where  river  water 
is  subject  to  tidal  action  and  where  river  water  mixes 
with  and  is  measurably  diluted  with  sea  water.  This 
definition  includes  the  upstream  section  of  the  river 
above  the  upper  salt  boundary  as  far  as  tidal  action  is 
perceptible.  It  excludes  the  nearshore  section,  the 
open  sea,  the  tidal  flat,  or  the  lagoon  areas,  where 
salinity  differences  are  of  secondary  importance. 

Like  tidal  flat  areas,  estuaries  may  contain  coarse¬ 
grained  sediments  as  well  as  fine-grained  deposits. 
Which  of  the  two  is  more  important  depends  on  the 
shape  of  the  estuary,  the  strength  of  tidal  currents 
and  river  flow,  and  the  amounts  of  fine-grained  sus¬ 
pended  nutter  available. 

Areas  like  the  Rhme-Meusc  Delta  are  mainly  com¬ 
posed  of  sandy  deposits  (Terwindi  el  a/.,  1963 )  and 
form  a  transition  between  tidal  flat  areas  and  estu¬ 
aries  of  the  river  mouth  type.  This  is  partly  because 
the  tine-grained  bodies  of  sediments  are  separated 
from  the  coarse-grained  ones  by  dikes. 

One  of  the  most  important  characteristics  of  a 
sandy  estuary  is  the  existence  of  separate  ebb  and 
flood  channels.  The  flood  predominates  in  channels 
which  gradually  shoal  landward,  whereas  ebb  chan¬ 
nels  follow  a  meandering  course.  In  contrast  to  tidal 
flats,  the  grain  size  of  the  sandy  deposits  on  the  slioal;. 
is  mainly  regulated  bv  current  velocities  and  not  by- 
waves  ( Terwindt  cl  «/.,  1963).  The  mineralogical 
properties  of  estuarine  sands  are  mostly  determined 
by  the  geology  of  the  catchment  area  of  the  river.  In 
the  Khine-Mcusc  Estuary,  for  examp'e.  marine  sands 
predominate;  the  rivers  do  not  supply  any  sard  to 
this  estuary  ami  the  boundary  between  marine  and 
fluviatile  sands  approximately  coincides  with  the  salt 
boundary. 

The  typical  deposits  of  most  estuaries  arc  not  the 
sands,  hut  the  fine-grained  muds  which  form  the 
shoals  ami  tidal  flats  that  emerge  at  low  tide  (  Baur- 
cart  and  Francis- lloeutT.  194J:  Francis- Boeuff.  1947; 
tiudchcr.  1958;  Mitun.  1935;  Muller.  1964;  Nelson, 
I960;  Scruton.  1958  i .  The  presence  of  these  clayey 
deposits  is  partly  due  to  the  absence  of  wave  action. 
In  brackish  water,  moreover,  mud  deposition  is  sup¬ 
ported  by  flocculation.  Another  effect  which  pro- 
-  tes  dc]«i»ition  is  the  rise  and  fall  of  the  water 
level.  Particles  may  adhere  to  the  mud  surface  in  a 
manner  comparable  to  the  adhesion  of  lather  against 
the  ode  o!  a  bathtub  (  Francis- Boeuff.  1947).  This 
process  is  essentially  the  same  as  the  scour  lag  effect 
After  deposition,  high  current  velocities  are  necessary 
to  resuspend  the  mud  I Vpsmtion  of  mud  is  further 
promoted  by  tlie  accumulatitei  of  suspended  matter  in 
turbidity  maxima,  as  the  material  has  an  opportunity 
to  settle  at  slock  tide 

The  physwo  chemical  characteristics  of  mud  de¬ 
posits  are  determined  by  the  estuarine  circulation  and 
salinity  differences  It  h , -  hern  shown  that  this  circula¬ 
tion  mav  distribute  marine  as  wel!  as  (hjviattlc  mate¬ 
rial  oser  the  whole  length  of  the  estuar*  This  merho 
.nun  tends  to  «nn«4h  differences  in  sedimentary 


properties  along  the  stream  axis.  However,  gradual 
downstream  changes  in  mineral  composition  are  by 
no  means  an  exception.  An  example  from  the  Rappa¬ 
hannock  Estuary  is  given  in  Table  3. 

There  is  a  distinct  change  in  mineral  composition 
downstream  in  the  estuary.  It  seems  feasible  to  ex¬ 
plain  this  change  as  the  result  of  diagenetic  modifica¬ 
tions  (transformation  of  one  clay  mineral  into  an¬ 
other)  by  the  transition  from  fresh  to  salt  water.  It 
is  also  possible  that  the  changes  are  due  to  differential 
settling,  perhaps  assisted  by  differential  flocculation 
and  supply  of  mineral  types  by  the  river  and  the  sea. 
Rivers  in  the  area  considered  are  relatively  rich  in 
kaolirite  and  contain  variable  amounts  of  illite,  very 
little  montmorillonite,  and  no  chlorite. 

Very  little  is  known  about  the  influence  of  estuarine 
circulation  on  sorting  of  deposits.  Con-ider  the  theo¬ 
retical  case  of  an  estuary  where  the  salt  wedge  has  a 
fixed  position:  material  will  be  carried  upstream  to 
the  tip  of  the  wedge  and  he  deposited ;  sand-size  par¬ 
ticles  rolling  downstream  along  the  river  bed  will  be 
deposited  in  front  of  the  wedge.  Under  these  condi¬ 
tions,  the  tip  of  the  wedge  might  be  the  boundary  be¬ 
tween  two  distinct  types  of  deposits.  However,  the 
wedge  in  most  instances  moves  up  and  down  the  estu- 
aiv  with  the  tides,  and  its  position  may  shift  over  very- 
great  distances  as  a  result  of  changes  in  river  dis¬ 
charge.  Therefore,  it  seems  unlikely  that  sharp  sedi¬ 
mentary  boundaries  will  be  developed  sufficiently  to  be 
preserved  in  the  geological  column. 

Beyond  changes  caused  by  differential  settling  and 
different  supply  of  marine  fluviatile  materials,  varia¬ 
tions  in  properties  of  fine-grained  deposits  in  an  estu¬ 
ary  can  be  ascribed  to  differences  in  salinity  in  the 
overlying  water  )  Muller,  1964).  If  principally  cal¬ 
cium  ions  are  available  in  fresh  water,  adsorption  of 
these  ions  will  predominate  in  fresh  and  slightly 
brackisli  sediments.  In  braeki'-h  sediments  magnesium 
becomes  more  irr>|>ortant  than  calcium ;  but  in  sea 
water,  although  monovalent  ions  have  only  a  small 
bonding  energy,  sodium  takes  over  because  its  concen¬ 
tration  is  much  higher  than  that  of  magnesium  or 
calcium 


Table  3.  Changes  in  mineral  composition  in  the 
Rappahannock  Estuary  according  tr  Nelson  1 1960). 
Presence  of  a  mineral  is  indicated  by  a  cross 
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The  packing  of  the  sediments,  as  measured  by  the 
percolation  time  for  water  of  corresponding  sal'  con¬ 
tent,  is  also  a  function  of  salinity.  Brackish-water 
muds  show  the  closest  packing.  This  may  be  related 
to  the  fact  that  wholly  flocculated  particles  form  a 
my  loose  deposit,  since  much  water  is  trapped  in  the 
floccules.  Wholly  dispersed  particles  have  a  water 
layer  and  therefore  settle  with  large  pore  traces. 
Partly  flocculated  suspended  matter  hat  lost  this  water 
layer,  but  has  not  yet  attained  the  stmcture  to  entrap 
water.  These  relationships  should  depend  to  a  large 
degree  upon  the  type  of  clay  mineral,  and  the  packing 
curve  should  be  quite  different  from  montmorillonite 
and  iilite  clay'  At  present,  such  differences  have  not 
been  observed  In  natnrr 

A  considerable  number  of  observations  are  avail¬ 
able  concerning  grain-site  variations  in  fine-grained 
deposits  in  estuaries,  including  ~  -ampin  of  progres¬ 
sive  sorting  along  transportation  paths.  Almost  all 
measurements,  however,  have  been  carried  out  after 
removal  of  organic  matUt  from  the  samples,  and  by 
using  peptizers.  In  this  procedure  the  original  state 
of  flocculation  is  dissolved,  so  that  the  settling  veloc¬ 
ities  obtained  will,  in  most  cases,  be  completely-  differ¬ 
ent  from  those  under  natural  circumstances,  impeding 
determination  of  the  true  relations  between  transport 
lorces  and  sorting  It  would  be  better  tc  determine 
settling  velocities  and  equivalent  grain  sizes  in  situ. 
However,  it  is  very  difficult  to  evaluate  the  actual 
settling  velocity  of  floccules  in  nature,  because  their 
size  is  regulated  not  onl.  by  salinity  differences  ami 
type  of  mineral  assemblage,  but  also  by  sediment  con¬ 
centration  and  flow  conditions.  Moderate  turbulence 
appears  to  be  favorable  for  the  formation  of  large 
flocculates,  but  these  may  be  disintegrated  again  if 
water  movement  becomes  loo  rough.  Settling  veloc¬ 
ities  may  therefore  change  immediately  after  a  sample 
has  been  collected. 

SUMMARY 

A  review  of  sediment  movement  in  nearshore  wa¬ 
ters.  tidal  flat  areas,  ami  estuaries  shows  th-t  various 
transport  mechanisms  may  be  active  which  tend  to 
bold  the  material  within  these  regions  Loss  to  off¬ 
shore  and  derp  waters  seems  to  he  less  than  one  should 
expert  from  the  rates  of  coastal  water  removal  and 
the  concentration  gradients  of  suspended  sediment* 
fnen  the  shores  to  t'ie  *ea.  Aiming  the  accumulation 
mechanisms  Holding  suspended  matter  near  the  coast 
sre  settling  and  scour  lag  effects,  which,  in  combina¬ 
tion  with  tidal  movements,  can  lead  to  residual  Iran* 
port  towards  the  coast  Density  differences,  (-specially 
those  occurring  m  and  near  risers  owing  to  fresh¬ 
water  runoff,  may  result  in  the  concentration  of  su»- 
;<rtdr«i  materials  in  turbidity  maxima 

The  sires  -  lire  particles  ul.ieh  are  efficiently  re 
tamed  depend  on  local  c«**ditions  and  the  type  of 
accumulation  prices*.  bait  the  retention  i«  usually 
most  rtfrrtiie  lor  fine  grained  matter  \  gram  sire  n. 
atextt  100  «,  tnav  Vntatisely  hr  rmmlffoi  as  the  upper 
limit  .  the  lower  limit  mas  he  as  low  as  5-10  p  These 


value*  refer  to  equivalent  grain  sizes.  Retention  and 
sedimentation  of  fine-grained  matter  ate  oromoted  by 
flocculation.  Scour  lag  effects  are  increased  if  the 
material  is  given  time  to  consolidate. 

Tlie  confinement  of  suspended  matter  within  a  cer¬ 
tain  region,  combined  with  movement  by  tidal  and 
density  currents,  has  an  important  selective  effect  on 
the  grain-size  distribution  of  the  deposits.  In  many 
areas  the  distributional  patterns  are  closely  related  to 
water  movements,  including  that  of  waves.  However, 
the  grain  size  and  the  concentrations  of  the  suspended 
matter  present  are  also  important.  Deeper  waters  off¬ 
shore  are  often  sufficiently  quiet  for  mud  deposition, 
but  the  deposits  are  coarse  since  no  fine-grained  sus¬ 
pended  matter  is  available.  Conversely,  muddy  de¬ 
posits  may  be  formed  in  rough  water  if  sufficient  fine¬ 
grained  materials  are  supplied. 
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If  one  approaches  t!  e  problem  of  estuarine  sedimen¬ 
tation  from  a  philosophical  vantage  point,  it  is  clear 
that  the  <'  positional  mechanism  follows  the  classic 
format  of  energy  gradients.  The  sediment  flux  pro¬ 
ceeds  from  the  area  of  higher  energy  to  the  area  of 
lower  energy ;  the  suspended  or  tractive  sediment  con¬ 
centration  is  directly  proportional  to  the  transporta¬ 
tion  energy,  but  only  when  the  sediment  source  is  not 
a  limiting  factor.  High  sediment  concentrations  m.\v 
come  into  an  estuary  either  from  entering  rivets  or 
fri  i  the  sea  by  tidal  inflow.  If  we  accept  the  normal 
flow  sense  f'um  stream  gradient  concepts  as  positive 
towards  the  sea  fi.e.,  downslope),  then  the  flow  sense 
directed  from  the  sea  may  be  considered  inverse.  Al¬ 
though  Pritchard  (elsewhere  in  this  volume)  has 
modified  his  earlier  views  somewhat,  his  original  ter¬ 
minology  for  describing  the  dynamic  balance  of  estu¬ 
aries  followed  this  logic.  Pritchard  (19521  described 
the  temporal  balance  attained  by  the  dynamic  mixing 
of  fresh  and  salt  water  in  an  estuary,  when  operating 
under  the  mod'  'mr  climatic  influence  of  rainfall  and 
evaporation,  ns  of  the  positive  and  inverse  end- 
mernbers  of  precipitation  versus  evaporation.  Thus, 
the  hydrological  and  sedimentoiog  va!  concepts  are  di¬ 
rectly  comparable. 

Estuaries  fronting  streams  with  high  sediment  dis¬ 
charge  rates  may  fill  very  rapidly  by  deposition  of 
tractiie  and  suspended  loads  at  their  heads,  prograd¬ 
ing  the  delta  front  (as  in  the  case  of  Grand  Lake, 
Louisiana!,  or  they  may  till  relatively  more  slowly  in 
their  basin  centers  where  vertical  accretion  of  sus¬ 
pended  sediment  occurs.  Basins  filled  entirely  by 
river-transported  sediment  inflow  may  be  considered 
as  the  positive-filled  end-member  of  basic  estuarine 
types.  Estuaries  with  entering  streams  of  low'  sedi¬ 
ment  discharge  may  be  filled  solely  or  to  the  largest 
extent  by  sediments  entering  the  estuary  from  the  sea 
with  every  flood  tide  (as  is  the  case  in  the  Dutch 
tidal  flats).  This  second  type  can  be  considered  as 
an  inverse-filled  estuary  and  thus  the  opposite  end- 
memher. 

Through  the  Late  Pleistocene  epoch,  sedimentation 
rates  in  the  marine  and  marginal  marine  environment 
containing  the  estuaries  have  varied  from  times  of 
relatively  intense  deposition  to  periods  of  extremely 
slow  deposition  or  wholesale  erosion  and  deep  weath¬ 
ering.  The  rate  of  sediment  supply  in  the  Pleistocene 

1  Present  address.  lT  S.  (itolonicai  Survey,  Menlo  Park,  Cali* 
lorn  in 


was  controlled  largely  by  sea-level  escalations,  while 
geog-  'hie  position  and  the  topography  of  the  area 
receiving  the  sediment  :nfiuenced  the  amount  of  ma¬ 
terial  accumulated. 

Interglacial  periods  provided  conditions  for  vast 
sediment  accumulation  in  the  marginal  marine  environ¬ 
ment  of  bays,  lagoons,  and  the  continental  shelf.  The 
subsequent  onset  of  a  glacial  period  brought  about 
the  release  u.  these  previously  de|>osited  unconsoli¬ 
dated  sediments  to  the  continental  slopes  and  to  the 
deep  sea;  this  release  was  caused  by  the  erosive  ac¬ 
tion  of  the  receding  seas  and  by  stieam  degradation. 
Post-glacial  sediments  are  now  blanketing  the  deenlv 
incised  stream  channels  which  formed  during  the  gla¬ 
cial  eustatie  fall  of  the  sea.  During  earlier  high  stands 
of  the  sea,  however,  marginal  marine  deposits  of  bays 
and  lagoons  were  formed  at  elevations  higher  than 
now.  The  bait,  lagoons,  and  estuaries  with  which 
studies  of  Recent  sediments  have  been  concerned  are 
multiple  scars  testifying  to  u.^  action  of  many  glacial- 
eustatic  changes  in  sea  level. 

The  present  discussion  applies  specifically  to  those 
events  which  have  accompanied  the  Late  Pleistocene 
and  Recent  epochs.  A  few  tentative  conclusions  now 
ran  be  drawn  from  the  many  investigations  which 
have  applied  radiocarbon  dating  to  these  depositional 
products,  when  the  resulting  rates  of  sediment  ac¬ 
cumulation  arc  considered  m  the  light  of  established 
curves  of  eustatie  sea-level  rise  (Shepard,  1964). 

PROCESSES  AND  PRODUCTS 

Marine  sedimentation  is  commonly  related  to  four 
broad  environmental  categories :  ( 1 )  the  marginal 
marine  environment  containing  estuaries  such  as  bays 
and  lagoons;  (2)  the  continental  shelf;  (3)  the  con¬ 
tinent,-!  slope:  and  (4)  the  deep  sea.  Accumulative 
processes  and  products  vary  sharply  between  these 
areas  and  locally  within  ar>  '  one  environment.  For 
the  purpose  of  the  present  discussion,  we  can  disre 
gard  the  continental  slopes  and  the  deep  sea  as  specific 
sources  for  estuarine  sediments,  hut  the  continental 
shelf  areas  are  an  important  consideration.  Figure  1 
illustrates  schematically  the  various  generalized  en¬ 
vironments  to  show  their  interrelationships.  The  area 
of  concern  here  is  mainly  the  small  square  perched 
at  the  landward  edge  o'  the  continental  shelf  that  has 
been  enlarged  to  show  the  marginal  marine  environ¬ 
ment. 

The  continental  shelf  is  a  transitional  sedimentation 
area  where  accretion  or  erosion  is  dependent  upon  the 
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Fig.  1.  Schematic  representation  of  the  four  broad  en¬ 
vironmental  areas  of  marine  sedimentation.  The  small 
area  representing  tin.  marginal  marine  environment  has 
been  enlarged  to  show  tlie  details  of  the  setting. 

relative  behavior  of  waves  and  sea-level  oscillations. 
Sediment  accumulation  on  the  continental  shelves,  as 
well  as  in  adjacent  open  bays  and  lagoons,  occurs  dur¬ 
ing  periods  of  low  wave  activity,  whereas  high  wave 
activity  tends  to  sort  sediments  and,  in  part,  remove 
them  to  deeper  water  (Inman  and  Rusnak,  1956;  Cur- 
ray,  1960).  With  falling  sea  level  the  sediments  on 
the  shelf  are  rigorously  reworked  by  the  regressing 
breaker  zone  which  transports  finer  material  seaward 
and  leaves  coarser  sands  lagging  behind  as  regressive 
sheet  sands  (Curray,  1960;  Rusnak,  1960).  With  ris¬ 
ing  sea  level,  the  breaker  zone  of  the  transgressive  sea 
establishes  new  profiles  of  equilibrium  by  throwing 
unconsolidated  coarser  sediments  up  before  the  ad¬ 
vancing  shore  and  washing  finer  material  out  to 
deeper  water.  Barrier  islands  and  transgressive  sheet 
sands  are  formed  by  this  dynamic  process  (Curray, 
1960;  Rusnak,  1960;  Shepard,  1960). 

Within  the  marginal  marine  environment  trans¬ 
ported  sediments  are  generally  fixed  in  locally  mi¬ 
grating  beach  dunes  and  barrier  islands,  or  they  are 
trapped  within  protected  segments  of  adjacent  estu¬ 
ary  basins.  A  covering  mantle  of  successive  sediment 
accumulations  fixes  each  underlying  layer  unless  a 
change  in  sea  level  exposes  them  to  weathering  and 
erosion.  As  sea  level  falls,  a  portion  of  the  marginal 
basin  deposits  can  become  deeply  incised  bv  stream 
cutting,  but  most  of  the  strata  will  remain  within  the 
original  basin  configuration  unless  subjected  to  very 
extensive  weathering.  Many  remnants  of  previous 
bays,  which  formed  at  higher  elevations,  are  present 
along  stable  coasts  such  as  segments  of  the  Atlantic 
coastal  plain.  In  contrast  to  faiiing  sea  level,  rising 
seas  may  completely  obliterate  barrier  islands,  bays, 
and  lagoo ;  deposits  during  the  processes  of  establish¬ 
ing  a  new  wave  equilibrium  profile  with  each  advanc¬ 
ing  wave  front.  The  development  of  wave  equilibrium 
profiles  on  unconsolidated  sediments  is  a  very  rapid 
process,  occurring  even  within  very  short  periods  ot 
high  storm-wave  activity  or  with  sudden  sea-level 
fluctuations  (Price,  1954;  Inman  and  Rusnak,  1956; 
Rusnak,  1960;  Shepard,  1960).  Sediments  of  a  gradu¬ 


ally  sloping  coastal  plain  may  be  removed  by  wave- 
equilibrium  profile  development  in  an  advancing  sea 
to  a  probable  maximum  depth  of  ten  meters,  judging 
from  studies  of  maximum  shoreface  slope  development 
and  erosion  in  alluvial  regions  of  moderate  wave  ac¬ 
tivity  (Price,  1954;  Inman  and  Rusnak,  1956). 

Figure  2  represents  a  schematic  view  of  estuarine 
dynamics  showing  river  flow  as  moving  obliquely  to¬ 
wards  the  viewer  carrying  sediment  into  tl«e  basin, 
lateral  distributive  processes  acting  to  spread  sedi¬ 
ments,  and  tidal  inlet  flow  carrying  sediment  into  the 
basin  during  flood  tide.  Also,  in  addition  to  local 
biological  activity,  particulate  matter  may  be  derived 
from  within  the  basin  itself  by  wave  erosion  of  the 
estuary  boundary  during  normal  periods  of  wind¬ 
generated  wave  activity.  The  material  from  the  basin 
margins  is  “self-digested”  and  merely  redistributed 
over  the  basin  floor,  as  an  internal  source  of  supply. 
The  external  sources  of  supply  are  from  the  river  and 
the  tidal  influx.  Sediment  derived  from  the  adjacent 
continental  shelf  area,  through  "wave  breaker”  ero¬ 
sion  and  alongshore  drift,  can  supply  basin  fill  and 
create  the  commonly  observed  tidal  deltas  formed  at 
inlets  (Fig.  3). 

It  is  clear  that  only  external  sources  of  supply  can 


Fig.  2.  Schematic  representation  of  estuarine  dynamics 
showing  river  flow  moving  obliquely  towards  the  viewer, 
tidal  inlet  flow  moving  obliquely  away  from  the  viewer 
during  flood  tide,  and  lateral  distribution  processes  acting 
to  disperse  sediment  throughout  the  basin.  The  enlarged 
section  illustrates  vertical  accretion  of  suspended  material 
and  lateral  distribution  of  previous  deposits  by  shoreline 
erosion  and  redistribution.  Basin  sediments  accumulate 
by  positive-filling  from  rivers,  inverse-filling  from  the  sea 
by  flood  tides,  and  neutral-filling  by  self-digested  materials 
eroded  from  the  basin  margin. 
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Fig.  3.  Aerial  photograph  of  tidal  delta  formed  at  the 
inlet  of  an  estuary. 


fill  a  basin,  whether  these  sources  be  wind,  river,  bi¬ 
ological,  or  tidal.  Self-digestion  of  basin  boundaries 
can  only  redistribute  sediment  already  present  without 
decreasing  the  basin’s  volume. 

Because  these  several  forms  of  basin  filling  tend 
to  overlap  somewhat  and  because  there  may  be  some 
confusion  between  concept  and  process,  estuarine  fill¬ 
ing  is  here  defined  categorically.  Basins  which  are 
filled  by  lateral  distribution  of  suspended  river  and 
biological  materials  can  be  considered  as  positive- 
filled  basins.  Redistribution  of  basin  sediment  from 
local  shoreline  margins  within  the  basin  can  be 
thought  of  as  neutral-filled  (non-fi'Mng)  basins.  This 
type  may  smooth  over  the  basin  floor  by  removing 
“highs”  and  filling  "lows”,  but  it  does  so  without  a 
change  in  basin  volume.  The  last  type  considered  is 
the  inverse-filled  basin  whose  source  of  sediment  sup¬ 
ply  is  from  the  sea  by  eroding  locally  available  de¬ 
posits  and  carrying  them  into  the  basin  through  inlets. 

CLIMATE  AND  RATES  OF  ACCUMULATION 

The  rate  at  which  sediment  will  accumulate  in  a 


basin  is  dependent,  however,  not  only  upon  its  source 
of  supply  and  geographic  position,  but  also  on  its 
local  climate.  In  humid  regions  with  major  river 
sources,  the  rate  of  accumulation  can  be  very  high, 
as  in  the  deltas  of  the  Mississippi  or  the  Orinoco 
Rivers.  In  arid  regions  the  rate  of  accumulation  may 
be  very  low  because  sediment  can  be  supplied  only  by- 
winds  and  the  sea.  The  rate  at  which  terrigenous  ma¬ 
terials  are  transported  and  supplied  by  streams  and 
winds  is  thus  largely  a  matter  of  local  climate.  More¬ 
over,  climate  controls  the  degree  of  biological  produc¬ 
tivity  within  the  basins  by  influencing  the  supply  of 
required  nutrients,  and  other  factors.  Biological  pro¬ 
ductivity  and  rates  of  accumulation,  such  as  oyster 
reefs,  however,  are  mentioned  only  in  passing,  as  the 
emphasis  is  placed  on  rates  of  changing  supply  and 
deposition  of  terrigenous  material. 

Most  temperate  estuaries  with  moderate  runoff  fall 
into  the  first  category  as  positive-filled  basins.  If  run¬ 
off  is  deficient  for  some  reason,  a  temperate  estuary 
may  be  inverse-filled,  as  described  by  Van  Straaten 
and  Kuenen  (1957,  1958),  Van  Straaten  (1961),  and 
Postma  (1957,  and  elsewhere  in  this  volume)  of  the 
Dutch  estuaries  and  tidal  flats.  Inverse-filled  estu¬ 
aries  are  undoubtedly  most  commonly  found  in  semi- 
arid  situations  such  as  the  Laguna  Madre  of  Texas 
(Fisk,  1959;  Rusnak,  1960).  Neutral  filling  does  not 
appear  to  be  a  pure  form  in  nature,  but  it  may  exist. 
The  closest  relative  of  a  neutral  basin  would  seem  to 
be  the  smooth  oval  lakes  on  the  Mississippi  Delta 
(Shepard,  1960),  the  remarkable  Carolina  Bays,  or 
the  modified  forms  described  from  along  the  Texas 
Gulf  Coast  by  Price  (19^7). 

Many  modern  temperate  estuaries  (Fig.  4)  are  to 
some  extent  a  combination  of  each  end-member.  The 
bay  head  is  generally  filled  by  a  prograding  delta  front 
advancing  tow  ds  the  positive-fi'led  basin  floor  which 
extends  outward  from  the  foot  of  the  delta  to  the 
typical  central  depression.  The  bay  center  contains 
both  river  sediments  and  organic  products  such  as 
oyster  reefs.  Bay  margins  may  be  greatly  extended 
laterally  by  shoreline  erosion,  forming  more  circular 


SUBSURFACE  LITHOFACIES 

Fig.  4  Diagrammatic  cross-section  of  a  positive-filled  modern  estuary  (San  Antonio  Bay)  from  the  central  Texas 
coast  showing  the  numerous  environmental  facies. 
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Fig.  S.  Schematic  representation  of  textural  types  and 
long-term  average  rates  of  sediment  accumulation  in  a 
marginal  marine  environment. 


basin  boundaries,  and  supplying  eroded  sediment  to 
the  deep  central  area.  Lastly,  the  inlet  mouth  of  the 
estuary  is  constantly  under  the  influence  of  the  tidal 
delta,  as  well  as  the  adjacent  sand  source,  supplied  by 
winds,  from  the  fronting  barrier  island  which  charac¬ 
teristically  encloses  the  bays. 

Proceeding  ftom  our  present  knowledge  of  sea-level 
rise,  it  seems  evident  that  we  may  consider  the  rate 
of  sediment  accumulation  between  two  extremes :  first, 
the  estuary  which  has  no  sediment  entering  it  is  ob¬ 
viously  one  of  zero  accumulation  rate ;  and  second,  the 
estuary  which  fills  at  the  same  rate  at  which  its  water 
level  rises  is  one  having  the  highest  rate  of  sediment 
accumulation  possible,  by  definition  of  estuarine  sedi¬ 
mentation.  The  first  extreme  is  certainly  unlikely  and 
the  second  extreme  would  border  on  becoming  a 
marshland.  Now,  it  is  clear  from  many  recent  studies 
(Shepard  et  al.,  1960;  Van  Straaten,  1964)  that  many 
modern  estuaries  formed  semi-enclosed  basins  with  a 
fronting  barrier  bar  or  barrier  island  some  time  after 
sea  level  had  drowned  the  previously  exposed  depres¬ 
sions.  Thus,  the  estuaries  did  not  become  effective  en¬ 
trapping  basins  until  sonic  of  the  large-scale  flushing 
activity  of  the  tides  couhi  be  diminished.  Under  the 
new  conditions,  the  estuary  could  become  a  more  ef¬ 
fective  settling  basin,  and  sedimentation  <  ould  con¬ 
tinue  until  a  balance  was  attained  between  wave, 
current,  and  tidal  energy  dissipation.  Once  a  balance 
is  established  lie  tween  these  factors,  no  marked  change 
in  basin  geometry  will  follow  (Phleger  and  Ewing, 
1962). 

We  may  conclude,  therefore,  that  if  a  balance  of 
sediment  accumulation  with  energy  dissipation  occurs, 
the  rate  of  sediment  accumulation  must  be  equal  to 
the  sea-level  rise.  The  best  estimates  of  sea-level  rise 
over  the  period  of  15,000  to  6,000  years  ago,  when 
most  of  our  modern  estuaries  came  into  existence, 
appear  to  be  those  estimates  which  have  been  pub¬ 
lished  by  Shepard  (1964)  and  Stuiver  and  Daddario 
(1963).  These  writers  indicate  that  sea  level  has 
gradually  slowed  in  its  rate  of  rise  from  2.8  feet  (0.85 
m)  per  hundied  years  between  about  15,000  and  6,000 
years  ago,  to  a  rate  of  1  foot  (0.3  m)  per  hundred 


years  between  6,000  and  2,600  years  ago,  and  then  to 
about  0.5  feet  (0.15  m)  per  hundred  years  between 
2,600  years  ago  and  the  present.  As  most  of  the 
modern  estuaries  do  not  appear  to  have  become  semi- 
enclosed  embayments  until  about  6,000  years  ago  (in 
areas  along  the  Atlantic  and  Gulf  Coast  where  data 
arc  available)  we  need  only  consider  the  past  6,000 
years  in  this  analysis. 

Thus,  if  a  balance  exists  between  basin  filling  and 
sea-level  rise,  maximurfi  sediment  accumulation  of  1 
foot  (0.3  m)  per  hundred  years  may  be  considered 
for  the  period  6,000  to  2,600  years  B.P.  A  lower 
rate  of  0.5  feet  (0.15  m)  per  hundred  years  should  be 
required  after  about  2,600  years  ago. 

If  we  can  now  draw  upon  a  few  well -documented 
examples  from  the  area  of  the  Gulf  of  Mexico,  we 
have  at  our  disposal  several  estimates  of  accumulation 
rates  for  various  environments.  For  humid  regions, 
the  estimated  accumulation  rates  vary  from  a  high  of 
about  300  m  per  thousand  years  for  the  prograding 
Mississippi  Delta  deposits  (Shepard,  1960;  Scruton, 
1960)  to  a  low  of  about  2  to  4  m  per  thousand  years 
for  bays  and  estuaries  (Shepard,  1953;  Shepard  and 
Moore,  1960).  For  semi-arid  lagoons  the  rate  is  only 
1  m  per  thousand  years  (Rusnak,  1960).  The  rate  of 
accumulation  given  is  averaged  over  the  greater  part 
of  these  basins  although  local  topographic  highs,  or 
areas  of  little  supply,  may  have  little  or  no  sediment 
accumulation,  while  depressions  may  fill  at  a  slightly 
higher  rate.  Inlets,  which  may  cut  and  fill  at  an  ex¬ 
tremely  rapid  rate,  are  excluded. 

Neglecting  the  extremely  high  rate  of  accumulation 
represented  by  the  deltas,  we  can  estimate  the  rate  of 
accumulation  for  the  marginal  marine  environment 
with  a  probable  error  of  no  greater  than  a  factor  of 
two.  These  estimates  (Fig.  5)  are  2  m  per  thousand 
years  for  humid  bays  and  estuaries,  and  1  m  per 
thousand  years  for  arid  and  semi-arid  lagoons.  These 
rates  apply  only  to  the  accumulation  which  has  oc¬ 
curred  since  the  last  post-glacial  rise  of  sea  level,  or 
tc  no  more  than  about  10,000  to  15,000  years  B.P. 
Prior  to  this  time,  of  course,  sedimentation  was  not 
taking  place  in  these  specific  areas  because  of  lowered 
sea  level.  Instead,  erosion  by  wind  deflation  and 
stream  incision  was  taking  place  to  add  to  the  supply 
being  contributed  to  the  continental  slopes  and  deep 
sea  by  the  abundant  supply  of  glacial  debris.  If  sedi¬ 
mentation  rates  equaled  the  rate  of  sea-level  rise  for 
any  given  area,  the  marginal  marine  environments 
could  be  typified  by  extensive  marshlands  and  tidal 
flats.  Because  many  of  our  estuaries  are  unfilled  rem¬ 
nants  of  previously  incised  stream  beds,  this  must 
mean  that  sediment  accumulation  rates  within  them 
were  lower  than  sea-level  rise.  An  upper  limit  of 
sediment  accumulation  based  on  the  overall,  time- 
average,  glacial-eustatic  rise  in  sea  level  would  have 
to  lie  nr  greater  than  6  ni  per  thousand  years  over 
the  span  of  the  last  15,000  years.  A  higher  rate  of 
accumulation  would  cause  the  building  of  a  prograd¬ 
ing  delta  front  extending  into  the  sea.  It  is  obvious 
that  most  estuaries  have  had  a  lower  rate  of  accumu- 
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lation  because  they  are  still  enibayments  in  the  coast¬ 
line. 

Author’s  Note :  This  is  a  contribution  from  the  Marine 
Laboratory,  Institute  of  Marine  Science,  University  of 
Miami  The  study  was  supported  by  grants  from  the 
Office  of  Naval  Research  and  the  National  Science  Foun¬ 
dation. 
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Quantitative  Research  on  Littoral  Drift  and  Tidal  Inlets 

J.  A.  BATTJES 


Coastal  Engineering  Laboratory,  Link 


A  number  of  factors  play  a  role  in  the  regime  of 
inlets,  and  many  are  interdependent.  Moreover,  most 
of  them  vary  continuously  in  intensity  with  the  result 
that  conditions  are  never  steady.  It  is  not  surprising, 
therefore,  that  our  knowledge  of  the  processes  taking 
place  in  inlet  environments  shows  many  deficiencies. 
It  is  necessary  to  fill  the  gaps  in  our  knowledge,  in 
view  of  the  economic  interests  in  shipping  and  coastal 
stability.  Such  knowledge  must  be  of  a  quantitative 
nature  to  permit  a  more  rational  approach  to  the  solu¬ 
tion  of  inlet  problems. 

This  paper  gives  an  account  of  quantitative  re¬ 
search  on  the  problems  of  littoral  drift  and  tidal  inlets 
in  progress  or  in  preparation  at  the  Coastal  Engineer¬ 
ing  Laboratory  of  the  University  of  Florida.  We  will 
confine  attention  to  tidal  inlets  on  sandy  coasts  with 
littoral  drift,  and  will  focus  on  the  sand  drift  along¬ 
shore,  the  sand  transport  through  the  inlet,  the  inter¬ 
play  of  both  in  the  inlet  regime,  and  the  resulting 
stability  of  the  inlet. 

LITTORAL  DRIFT 

The  complex  situation  at  seashores  with  regard  to 
sediment  movement  has  prohibited  an  analytical  ap¬ 
proach  to  the  solution  of  the  littoral  drift  problem. 
Attempts  have  been  made  to  determine  the  rate  of 
littoral  drift  as  a  function  of  the  pertinent  variables 
in  laboratory  and  in  field  experiments;  both  have 
drawbacks.  In  the  field,  the  conditions  cannot  he  con¬ 
trolled,  whereas  the  laboratory  data  are  not  directly 
comparable  to  the  prototype  because  of  scale  effects. 
About  all  we  can  say  now  is  that  the  rate  of  littoral 
drift  is  probably  proportional  to  the  wave  power  ex¬ 
pended  on  the  coast  and  to  some  function  of  the  angle 
of  wave  incidence  with  a  maximum  for  a  deep  water 
angle  near  50°  and  a  zero  value  for  a  zero  angle  of 
incidence.  It  is  true  that  some  knowledge  has  been 
gained  in  the  last  decade  on  some  special  problems, 
for  example,  laminar  and  turbulent  boundary  layers 
under  waves,  ripple  formation,  and  the  onset  of  mo¬ 
tion  of  sand  grains  on  a  sloping  bed  by  waves,  but 
our  present  knowledge  is  insufficient  for  a  complete 
analysis  of  the  problem. 

There  are  two  research  programs  in  progress  at 
the  Coastal  Engineering  Laboratory  dealing  with  the 
problem  of  littoral  drift.  Together  they  constitute  a 
combined  field  and  laboratory  approach,  whereby  the 
conditions  in  the  laboratory  tests  are  as  close  to  proto¬ 
type  conditions  as  possible  to  minimize  scale  effects. 
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Field  Tests 

In  the  field  tests  fluorescent  tracers  are  used  for  the 
detection  of  the  pattern  and  the  rate  of  movement  of 
beach  sand  under  various  conditions  of  waves  and 
longshore  currents  (Bruun  and  Battjes,  1963).  The 
procedure  is  to  coat  sand  grains  with  colored  fluores¬ 
cent  substances.  Care  is  taken  that  the  tracer  grains 
have  the  same  mechanical  properties  as  the  grains  of 
the  test  beach.  A  certain  amount  of  this  tracer  ma¬ 
terial  is  added  in  water-soluble  bags  on  the  updrift 
side  of  a  1,000- foot-long  pier  extending  in  the  ocean 
to  about  a  20-foot  depth  below  mean  sea  level.  Sus¬ 
pended  load  samplers  and  bed  load  samplers  ai  .•  op¬ 
erated  from  the  pier  at  various  distances  from  shore. 
Simultaneously,  environmental  factors  such  as  waves, 
longshore  currents,  tide,  wind,  and  bottom  topography 
are  measured.  The  sand  sampling  continues  until  no 
tracer  material  appears  in  the  samples.  Because  visual 
analysis  of  the  samples  is  too  tedious  and  time  con¬ 
suming,  an  electronic  scanner  was  constructed  for  this 
phase  of  the  work. 

The  fluorescent  tracer  method  allows  a  determina¬ 
tion  of  the  rate  of  movement  of  individual  sand  grains 
as  well  as  of  the  total  rate  of  transport.  However,  it 
does  not  give  details  of  the  longshore  variation  in  the 
rate  of  littoral  sand  transport  in  connection  with  sand 
waves  migrating  alongshore.  Such  migrating  waves 
are  significant  in  littoral  processes,  and  it  is  impor¬ 
tant  to  know  more  about  them.  The  best  way  to  trace 
them  would  seem  to  be  frequent,  detailed,  accurate, 
hydrographic  surveys  of  several  wave  lengths  of  the 
migrating  sand  waves,  in  the  longshore  direction. 
Aerial  photography  has  tremendous  advantages  for 
this  purpose  as  compared  to  conventional  survey  meth¬ 
ods  (Sonu,  1964).  It  gives  simultaneous  quantitative 
data  over  an  extended  area  and  shows  patterns  and 
details. 

The  objection  might  lie  raised  that  the  fluorescent 
tracer  technique  does  not  explain  a  number  of  details 
of  the  phenomenon.  With  the  present  state  of  knowl¬ 
edge  and  instrumentation,  however,  it  is  impossible  to 
accomplish  complex  and  detailed  studies  under  field 
conditions.  Nevertheless,  the  results  can  be  of  scien¬ 
tific  and  practical  value  inasmuch  as  they  give  the 
integrated  effect  of  the  many  factors  involved  with  a 
degree  of  accuracy  and  detail  which  is  not  possible 
using  conventional  field  techniques.  Data  on  the  rates 
of  littoral  drift  obtained  from  measurements  of  rates 
of  accretion  on  the  updrift  side  of  littoral  barriers  do 
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not  give  any  clue  as  to  the  distribution  of  the  rate  of 
littoral  drift  normal  to  shore,  nor  do  they  relate  the 
rate  of  littoral  drift  to  particular  wave  conditions  lie- 
cause  of  the  rather  long  time  interval  between  suc¬ 
cessive  surveys;  they  give  the  net  drift  only.  The 
tracer  measurements  have  a  duration  of  but  a  few 
hours  so  that  the  wave  conditions  may  be  unchanged, 
in  terms  of  spectra,  during  the  measurements.  Knowl¬ 
edge  concerning  the  distribution  normal  to  shore  of 
the  rate  of  longshore  drift  is  obtained  in  the  tracer 
experiments  by  simultaneous  employment  of  tracers  of 
various  colors  placed  at  certain  distances  from  shore 
but  at  equal  distances  from  the  pier. 

Laboratory  Tests 

The  laboratory  experiments  are  aimed  at  a  more  de¬ 
tailed  observation  and  analysis  of  sand  transport  by 
the  combined  action  of  waves  and  currents.  Two  main 
problem  areas  are  being  investigated:  (1)  waves  and 
currents  running  perpendicular  or  nearly  perpendicu¬ 
lar  to  each  other  (littoral  drift  problem).  (2)  waves 
and  currents  running  with  or  against  each  other  (in¬ 
let  channel  problem). 

The  experiments  arc  carried  out  in  a  lSO-foot-'.ong, 
6-foot-wide  wave  tank  with  a  diffraction  basin  at  the 
downwave  end.  Currents  are  run  through  the  wave 
tank  or  transversely  through  the  diffraction  basin. 

The  conditions  in  this  laboratory  study  are  close  to 
prototype  conditions.  The  water  depths  are  up  to  3 
feet,  wave  periods  are  from  one-half  second  up,  wave 
heights  are  up  to  1 feet,  current  velocities  are  up  to 
2  feet/second,  and  sand  is  used  as  bed  material.  The 
overall  result  is  that  scale  effects  are  minimized. 

In  both  series  of  experiments  the  development  of 
bed  roughness  and  the  rate  of  sand  transport  are 
measured  for  various  relative  strengths  of  waves  and 
currents  ranging  from  predominant  wave  action  to 
predominant  current  action.  The  bed  roughness  is 
interpreted  in  terms  of  friction  coefficients.  The  flu¬ 
orescent  tracer  technique  will  be  employed  in  the  labo¬ 
ratory  tests  and  should  be  of  particular  value  in  cases 
where  the  sand  transport  is  not  unidirectional  because 
of  the  wave  action.  By  using  these  techniques,  the 
following  may  be  accomplished : 

1.  Determining  the  rates  of  sand  trans|x>rt  caused 
by  waves  and  currents  in  various  combinations 
of  direction  and  relative  strength.  These  data 
are  important  for  evaluating  littoral  drift  as  well 
as  solid  transport  in  tidal  inlets  and  estuaries 
where  the  direction  of  wave  propagation  and  the 
direction  of  the  current  may  nearly  coincide. 

2.  Determining  the  bed  roughness  in  terms  of  fric¬ 
tion  coefficient  for  the  experimental  conditions. 
Such  data  are  pertinent  to  tidal  hydraulics  com¬ 
putations  as  well  as  to  computing  longshore 
currents.  Lack  of  knowledge  of  friction  coeffi¬ 
cients  has  prohibited  reliable  pred  ctiuns  of  long¬ 
shore  currents. 

SAND  TRANSPORT  THROUGH  INLETS 

Even  though  the  current  activity  is  mainly  respon¬ 


sible  for  the  sand  transport  through  tidal  inlets,  the 
conditions  differ  appreciably  from  those  in  rivers,  be¬ 
cause  of  the  greater  unsteadiness  of  the  flow  and  the 
effect  of  wave  action.  The  considerable  knowledge  in 
the  field  of  sediment  transport  in  rivers  is,  therefore, 
not  directly  applicable  to  inlet  conditions.  It  has  long 
been  known  that  wave  action  would  increase  the  ma¬ 
terial  transport,  particularly  when  the  current  is  weak 
and  incapable  of  setting  the  grains  in  motion,  but  a 
quantitative  understanding  of  the  processes  has  not 
yet  been  obtained.  Recent  experiments  by  Inman  and 
Bowen  (1963)  gave  new  information  on  the  subject, 
but  their  experiments  were  representative  of  condi¬ 
tions  on  a  beach  between  rip  currents  where  the  ve¬ 
locities,  which  are  due  to  mass  transport  in  the  waves, 
are  very  low  compared  to  the  velocities  occurring  in 
tidal  channels.  The  maximum  current  velocity  used 
by  Inman  and  Bowen  was  only  6  cm/sec.  The  Coastal 
Engineering  Laboratory  is  presently  conducting  labo¬ 
ratory  tests  on  this  aspect  of  the  sand  transport 
problem. 

SAND  TRANSFER  AND  INLET  STABILITY 

An  analysis  of  the  interplay  of  littoral  drift  and 
sand  transport  at  unimproved  inlets  should  provide 
information  on  how  ihe  littoral  drift  is  transferred 
across  the  inlet  to  the  downdrift  side,  how  the  inlet 
is  affected,  and  what  the  resulting  stability  character¬ 
istics  will  be. 

Three  kinds  of  inlet  stability  were  distinguished  by 
Bruun  and  Gerritsen  (1960) : 

Bypassing  stability — the  ability  of  the  inlet  to  by¬ 
pass  littoral  drift  from  the  updrift  shore  to  the  down- 
drift  shore. 

Location  stability — associated  with  the  rate  of  mi¬ 
gration  of  the  inlet  as  a  whole  or  of  individual  chan¬ 
nels  in  the  shoals. 

Cross-sectional  stability— the  ability  of  the  inlet  to 
maintain  a  certain  cross  section  or  at  least  a  certain 
cross-sectional  area. 

The  stability  of  inlets,  like  the  stability  of  anything 
which  is  in  a  state  of  dynamic  equilibrium,  is  brought 
about  by  a  balance  between  antagonistic  agencies.  In 
the  case  of  the  stability  of  a  tidal  inlet,  these  agencies 
are  the  sand  transport  through  the  inlet  and  the  lit¬ 
toral  drift.  Bruun  and  Gerritsen  (1960)  mention  the 
back-and-forth  movement  of  sediments  through  the 
inlet  as  a  “rolling  carpet”.  Part  of  this  carpet  is  con¬ 
tinuously  deposited  at  both  ends,  that  is.  in  the  bay 
and  in  the  ocean.  Therefore,  without  a  supply  of  lit¬ 
toral  drift  this  carpet  would  “wear  out”  completely 
and  a  nonscouring  channel  would  develop.  The  char¬ 
acteristics  of  such  an  inlet  are  very  different  from 
those  of  tidal  inlets  on  littoral  drift  shores  and  will 
not  be  considered. 

The  fact  that  the  relative  strength  of  littoral  drift 
and  flow  through  the  inlet  is  of  great  importance  to 
inlet  stability  has  been  known  for  a  long  time,  but 
Bruun  and  Gerritsen  (1960,  1961)  were  the  first  to 
express  this  in  quantitative  terms.  They  analyzed  a 
great  number  of  tidal  inlets  and  found  that 
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HIM  >  300 

n/M  <  100 

M/Qm  >  200-300 
MIQm  <  10-20 
where 


indicates  a  higher  degree  of 
stability 

indicates  a  lower  degree  of 
stability 

indicates  predominant  bar  by¬ 
passing 

indicates  predominant  tidal 
flow  bypassing 


(1  =  tidal  prism 

M  =  mean  annual  net  amount  of  littoral  drift 


Qu  —  maximum  discharge  through  the  inlet  dur¬ 
ing  an  average  spi  mg  tide. 

M  is  expressed  in  cubic  units  per  year. 

ft  is  expressed  in  cubic  units  per  half  tidal  cycle. 

Q is  expressed  in  cubic  units  per  second. 


Three  factors  should  be  considered  when  applying 
these  criteria : 

1.  Both  ft  and  Qu  are  used  to  indicate  the  flush¬ 
ing  power  of  the  inlet.  This  does  not  seem  to  be 
necessary  inasmuch  as  they  are  proportional  to  one 
another.  For  a  simple  harmonic  tide  ft  =  QmTIt 
(T  is  the  tidal  period)  and  from  this  relationship 
deviations  are  minor  compared  to  the  uncertainties 
and  approximations  involved  in  the  criteria. 

2.  The  parameter  to  be  used  to  indicate  the  flush¬ 
ing  power  of  the  inlet  should  not  be  the  tidal  flow  as 
such  but  an  expression  for  the  actual  material  move¬ 
ment,  say  the  maximum  rate  of  sand  transport  through 
the  inlet  in  absence  of  littoral  drift,  V0.  That  still  fl 
or  Q u  could  be  used  is  due  to  the  fact  that  for  natural 
conditions  V0  is  roughly  proportional  to  ft  or  Qu. 

3.  The  parameter  describing  the  littoral  drift 
should  be  the  rate  of  movement  of  material  along  ad¬ 
jacent  shores,  regardless  of  direction.  We  will  use 
AT,  the  mean  total  rate  of  transport  from  both  sides, 
instead  of  M,  the  mean  net  rate  of  transport. 


With  reference  to  Items  1,  2,  and  3  above,  we  will 
use  M'IV„  instead  of  ft/M  and  MIQu  as  a  dimension¬ 
less  parameter  indicative  of  the  overall  stability  of 
the  inlet  as  well  as  of  the  mode  of  bypassing  littoral 
drift. 

Bypassing  Stability 

In  the  study  of  natural  bypassing  of  the  littoral 
drift,  Bruun  and  Gerritsen  (1961)  noted  that  at  most 
inlets  a  combination  of  bar  bypassing  and  tidal  flow 
bypassing  occurs.  The  relative  importance  of  both  is 
determined  by  the  ratio  M' IV „.  Denoting  by  "p"  the 
fraction  of  M'  bypassed  by  tidal  flow  action  (so  that 
(1  -p)  is  the  fraction  of  M'  bypassed  over  the  outer 
bar),  we  write 

p-MM'/V.)  (1) 

Function  /,  is  not  known  exactly,  but  we  do  know  that 
p  — »  1  for  small  M'/  V. 
p  — *  0  for  large  M'f  V, 

and  that  ft  must  be  continuous,  monotonic,  and  differ¬ 
entiable.  (There  is  no  rigorous  proof  presented  for 
the  latter  statements  but  they  should  hold  true  for 
physical  reasons.) 

Based  on  this  information  we  tentatively  draw  /, 
as  in  Figure  1.  Actual  measurements,  in  the  field  or 
in  the  laboratory,  should  enable  us  to  determine  h 
quantitatively. 

Knowledge  of  p  gives  information  as  to  the  distribu¬ 
tion  of  the  littoral  drift  bypassing  the  inlet:  pM'  by 
tidal  flow,  (l-p)M’  over  the  outer  bar.  Still,  there  is 
no  indication  of  the  effect  of  littoral  drift  on  the  inlet 
stability.  For  this  we  have  to  consider  these  rates  of 
transport  in  relation  to  the  material  transport  through 
the  inlet  in  absence  of  littoral  drift : 

pM'/V. -UM'/V.) 

-  relative  drift  load  in  tidal  channels  (2) 
and 

(\-p)\HV.  -MW.'V,) 

-  relative  drift  over  the  outer  bar.  (3) 

The  functions  f2  and  fs  are  plotted  in  Figure  2, 


Fig.  1.  p  vs.  M‘ IV f.  js  Maximum  rate  of  sand  transport  through  inlet  in  abaence  of  littoral  drifL  M'  —  Total 
(not  the  net)  rate  of  littoral  drift.  pM‘  ~  Total  rate  of  drift  bypasmi  by  tidal  flow  through  the  gorge.  (l-J).V'  = 
Total  rate  of  drift  bypassed  by  wave  action  over  the  outer  bar. 
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using  the  tentatively  assumed  function  /,.  The  func¬ 
tion  /,  is  replotted  for  reasons  of  clarity. 

One  of  the  striking  results  evident  in  Figure  2  is 
that  the  relative  drift  load  I  fsi  in  the  tidal  channels, 
including  the  gorge,  shows  a  maximum  for  a  certain 
value  of  M'  /  The  physical  explanation  is  that  for 
very  low  values  of  M'  1  practically  all  the  littoral 
drift  is  bypassed  by  tidal  flow  and  the  relative  drift 
load  in  the  tidal  channels  increases  in  proportion  to 
M'  I  However,  the  bar  gradually  takes  over  more 
and  more  of  the  bypassing  of  the  littoral  drift  with 
the  result  that  the  rate  of  increase  of  f..  taj>ers  off.  At 
a  certain  critical  value  of  M'  l\  the  rate  of  decrease 
of  p  has  as  much  effect  as  the  rate  of  increase  of 
WiV, :  it  is  here  that  the  relative  drift  load  in  the 
tidal  channels  f/j'l  obtains  its  maximum.  For  values 
of  M'iV,  exceeding  the  critical  value.  /,  gradually 
decreases  to  aero.  In  practice  the  lower  limit  of  zero 


will  not  lie  reached,  however.  Iiecause  the  inlet  is 
choked  at  a  certaiii  high  value  of  M'  /’„. 

Considering  the  relative  drift  over  the  outer  liar 
i/ji.  we  can  briefly  explain  wily  it  continuously  in¬ 
creases  with  increasing  M‘  /  ’„  The  fraction  i  1  -p)  of 
the  littoral  drift  bypassing  over  the  outer  liar  increases 
with  increasing  M'  I  while  at  the  same  time  (by 
identity »  the  relative  drift  itself  increases,  so  that 
their  product  must  continuously  follow  the  same  trend 

The  fact  that  the  liar  transfer  partly  takes  place  in 
discrete  bulk  quantities  which  are  intermittently  de 
livrred  to  the  downdrift  shore  is  not  important  with 
resjier;  to  the  above:  we  are  dealing  with  the  mean 
rate  of  transport  m  the  bar  zone. 

I'siially  not  all  of  the  littoral  drift  bypasses  die  m 
let :  part  of  it  may  he  deposited  in  the  lav,  part  of  it 
may  be  jetted  out  to  deep  water.  In  such  cases  the 
downdrift  shore  may  be  subject  to  erosion. 
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Table  1.  Values  of  r,  as  a 
load. 

function  of  littoral  drift 

Littoral  drift 

and 

r» 

Sediment  load 

kgfTn* 

Heavy 

0.50 

Medium 

0.45 

Light 

0.35 

Location*  Stability 

(vocation  stability  of  the  inlet  is  associated  with  the 
rate  of  migration  of  the  inlet  and  of  the  channels  in 
the  outer  bar.  The  general  trend  is  that  low  values  of 
SVi  Ve  indicate  good  stability  and  high  values  of 
Si',  indicate  poor  stability.  Tentatively,  four  zones 
of  stability  are  indicated  in  Figure  2:  stable,  transi¬ 
tion.  unstable,  and  choking.  It  should  be  made  clear 
that  these  can  only  be  approximate  because  of  the 
gradual  transitions,  the  variability  of  the  determining 
factors,  and  the  present  lack  of  quantitative  knowledge. 


Cross-sectional  Stability 


llruun  and  Gerritsen  (I960),  when  considering 
cross-sectional  stability,  used  the  following  |>ertinent 
relationship  between  the  cross-sectional  area  of  the 
gorge  A  and  mean  maximum  rate  of  discharge  during 
spring  tides  Q M: 


A 


<4) 


w  here  C  is  the  Chezy  coefficient  of  the  gi  ye  channel, 
py  is  the  s(>ecific  weight  of  water  and  r,  i  the  stabil¬ 
ity  shear  stress  which  is  the  average  shear  stress 
along  the  lied  of  the  stable  gorge  for  maximum  rate  of 
flow  during  an  average  spring  tide.  The  value  of  r, 
de] >ends  u|>on  the  bed  material,  the  load  of  littoral 
drift  and  upland  sediments  <*r.d  its  concentration,  the 
intensity  of  the  wave  action,  the  freshwater  flow,  and 
the  sha|ie  of  the  cross  section.  We  will  examine  the 
influence  tn  the  littoral  drift  load  on  T,.  llruun  and 
Gerritsen  recognized  that  it  was  the  most  inqiortant 
single  factor  determining  r,.  after  the  properties  of  the 
lied  material,  which  varied  little  from  one  inlet  to  the 


other. 

The  variation  of  t,  due  to  littoral  drift  can  be  ap¬ 
proximated  by  comparing  the  trans|>ort  rates  through 
a  stable  gorge  when  the  inlet  is  not  subject  to  littoral 
drift  and  w  hen  it  is.  I  and  I  \  resjiectively  : 


i'«  ,  v.  +  psr  .  ,  psr 
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The  rate  of  sand  trans|>ort  may  lie  sii  iwn  to  tie 
approximately  promotional  to  the  2.5  power  of  t,  «i 
that 
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as  long  as  the  change  in  other  determining  factors  is 
small  compared  to  the  change  in  r„  which  will  be  the 
case  for  small  values  of 

Based  on  analysis  of  existing  inlets  according  to 
equation  (4)  Bruun  and  Gerritsen  (1960)  found  the 
values  of  r,  as  a  function  of  the  littoral  drift  load 
listed  in  Table  1. 

The  great  effect  of  the  littoral  drift  on  r,  is  very 
apparent.  The  terms  heavy,  medium,  and  light  are 
used,  of  course,  in  a  relative  sense,  meaning  high, 
medium,  and  low  values  of  respectively.  Lack 

of  quantitative  data  makes  it  impossible,  at  the  pres¬ 
ent  time,  to  assign  specific  values  of  M'lV,  to  the 
limits  of  these  intervals. 

In  view  of  equation  (4)  a  change  in  t,  must  be 
accompanied  by  a  change  in  A.  From  equations  (4) 
and  (6),  it  follows  that 


Am _ _  » _ 

A.  “  +  p\T/  l’. 


(?) 


provided  that  the  changes  in  C'  and  QM  are  small  com¬ 
pared  to  the  changes  in  A  and  ry  This  is  the  case  for 
the  values  of  SI'  that  are  not  too  high.  In  equa¬ 
tion  (7).  Am  and  ,4„  rqiresent  the  cross-sectional 
area  of  the  gorge  in  presence  and  in  absence  of  littoral 
drift 

Kquation  (7)  is  plotted  vs.  M',l\  in  Figure  2. 
According  to  equation  (.7).  A M  A0  would  have  a 
minimum  value  where  pSV :  V\  shows  a  maximum. 
For  larger  values  of  SI'.  I'.,  Am' A,  would  increase 
again  according  to  equation  (7).  This  is  not  ex¬ 
pected  to  occur,  however.  In  considering  larger  values 
of  M'  the  assumption  that  the  change  in  Qu  is 
small  compared  to  the  change  in  A  is  not  justified ;  at 
that  stage  the  outer  bar  grows  to  such  size  that  QM 
decreases  considerably  with  the  result  that  A  probably 
does  not  increase  beyond  its  minimum  value.  At  still 
larger  values  of  A/'/  I the  outer  bar  chokes  the  inlet 
which  still  has  an  open  gorge.  The  probable  trend 
of  A  m  A„  vs.  M'i  1 is  indicated  in  Figure  2  by  the 
dot-dash  line. 

There  is  still  one  deduction  of  physical  significance 
to  be  made  from  Figure  2. 

Thus  far  we  have  considered  the  general  stability 
of  the  inlet  explicitly  as  a  function  of  SI'  l',  :  we  will 
now  consider  how  the  stability  varies  as  a  function  of 
the  relative  drift  load  in  the  gorge  and  over  the 
outer  liar  i  f3). 

Because  /-  lias  a  maximum  for  a  certain  value  of 
SI'  the  stability  is  not  uniquely  determined  by  /5. 
But  /j  is  monotonic  throughout  the  interval  of  A/'  l\ 
from  no  drift  to  choking ;  therefore  /,.  that  is,  the 
relative  bar  drift,  docs  determine  the  stability  uniquely. 
The  physical  interpretation  is  that  it  is  the  relative 
drift  over  the  outer  har  which  is  important  to  the  inlet 
stability,  rather  than  the  relative  drift  load  through 
the  gorge.  This  is  exemplified  by  the  fact  dial  tile 
location  stability  is  mainly  associated  w  ith  the  migra¬ 
tory  behavior  of  the  outer  bar  and  its  channel*  which 
are  much  more  mobile  than  the  inner  bar  or  the  inlet 
as  a  whole,  and  that  the  point  of  choking  of  the  inlet 
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Fi*.  3.  Aerial  photograph  of  closed  mitt  at  Hutchinson 
Island.  Florida 


provided  the  necessary  <|uantitative  data.  One  re¬ 
search  program  which  is  intended  to  provid'  mat 
information  is  outlined  below. 

1*1. AN  NED  I.AHORATORV  K'SE.VM  II 

The  Coastal  engineering  I-alxiratory  expects  to 
cimduct  a  haste  study  of  t trial  inlets  by  ex|>erinients 
with  movable  Ini  morlels  t  Hruun  and  Battjes.  1963  I. 
The  factor  .V/'  will  lie  varied  while  other  influenc¬ 
ing  factors,  such  as  the  direction  of  propagation  of 
tidal  wave,  initial  bay  and  inlet  geometry,  and  inten¬ 
sity  of  wave  action  will  be  kept  constant.  By  measur¬ 
ing  the  rates  of  transport  alongshore  and  through  the 
inlet,  the  theory  outbned  above  can  lie  checked  and 
quantitative  information  obtained.  The  pattern  fol¬ 
lowed  bv  the  transported  material  will  be  checked  by- 
use  of  tracers.  For  each  value  of  M'  l the  tests  will 
lie  repeated  while  slightly  modifying  M'  ;  n  indi¬ 
cation  of  the  sensitivity  (  the  reproducibility  1  o.'  the 
model  can  thus  be  obtained.  The  effect  of  factors 
other  than  \l‘  t'c  can  lie  checked  by  running  several 
tests  with  different  values  of  the  factor  considered,  the 
others — including  M'  l  \ — being  constant. 


is  determined  by  the  outer  Kir,  not  by  tlic  gorge. 
Refer  to  the  section  almve  on  cross-sectional  stability 
and  to  Figure  .1  which  shows  a  dosed  inlet  at  Hutch 
inson  Island,  on  the  east  coast  of  Florida.  It  can  lie 
seen  clearly  that  the  gorge  stayed  ojieti  although  the 
inlet  deteriorated  completely. 

It  should  be  remembered  that  Figure  1  ihqucts  the 
possible  stages  of  development  of  one  single  inlet  and 
also  compares  various  inlets  to  one  another 

The  ideas  outlined  above  are  believed  to  constitute 
a  useful  wuiking  hy[>nthes>s  for  research  programs 
aimed  at  enhancing  our  knowledge  of  tidal  inlets. 
They  should  be  useful  in  the  design  of  tidal  inlets 
when  experiments  have  proved  their  usefulness  anti 
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Sedimentary  deposits  of  the  |>ast  arc  frequently  de¬ 
scribed  on  the  basis  of  layers,  banks,  burrows,  and 
other  features  of  their  structure:  by  grain  size,  min¬ 
eral  composition,  and  other  characteristics  indicative 
of  the  nature  of  the  sediment :  and  by  fossil  content. 
These  qualities  are  interpreted  in  relation  to  the  en¬ 
vironment  of  the  deposition.  The  structures  of  sedi¬ 
mentary  dqiosits  often  receive  limited  treatment  bv 
marine  geologists  because  of  technical  difficulties.  On 
the  other  hand,  marine  geulogists  are  able  to  make 
observations  which  are  helpful  in  interpreting  the 
nature  of  fossil  ilqmsits.  This  pa|>er  approaches  the 
study  of  sedimentary  structures  through  use  of  a 
special  apparatus,  the  grabsampler  (  "Kastengreifer") 

(  Kcincck.  1963,1 ).  am!  other  new  methods  of  pre¬ 
paring  the  probes,  01  corcrs. 

MKT!  RIDS 

Undisturbed  probes  of  tidal  flat  and  beach  sedi¬ 
ments,  as  well  as  samples  from  muddy  and  sandy  sea 
bottoms  with  tlie  most  minute  sedimentary  structure 
intact,  were  taken  to  the  laboratory  in  their  original 
corers  ("Stechkasten”)  ( Hantxschel,  '936;  Goemann. 
1937;  Baudoin,  1951;  Remeck,  1957a).  The  sand 
probes  wrere  impregnated  with  ARAL'MT  GiessKiri 
K  and  fixed  with  Hardener  902  (Rnneck.  1962a). 
When  prepared  in  this  manner,  even  seemingly  struc¬ 
tureless  sands  showed  the  finest  lamellae.  Muddy 
probes  were  prehardened  in  Arigal  C  while  they  were 
still  wet  ami.  after  drying,  fixed  in  ARAL’MT  Giess- 
harz  K  and  Hardener  9i)5.  Thin  sections  were  tiien 
prepared  for  slides  from  these  samples :  they  showed 
tlie  sedimentary  structure  in  the  finest  detail  (Remeck, 
1963b > 

LOG .VI  ION  OF  THK  STUDY  AKKA 

The  research  was  carried  out  to  a  dej>th  of  40  m 
in  tlie  German  Bay.  in  the  wiutheaslern  part  of  the 
North  Sea  Tlie  tidal  range  was  24  m  on  the  open 
sea  and  on  the  beach.  and  3b  m  in  Jade  Bay.  Cur¬ 
rent  velocity  in  tlie  open  sea  wa«  <U0  cm  see.  Dur¬ 
ing  certain  phases  of  the  lleistocene.  the  hasin  pres¬ 
ently  occupied  by  the  North  Sea  lay  dry  and  was 
covered  by  moraime  material  from  Ssandtnavia.  These 
m.>rainal  deposits  are  the  main  source  of  the  sedi¬ 
ments  which  are  now  being  transported  and  rede- 
posited 

I'll  YSlOGRAi’HIt  DIVISIONS 

According  to  M«orc  and  Scruton  i!957i,  the  de¬ 
posits  of  a  particular  environment  are  influenced  by 


the  type  of  available  sediment,  the  physical  processes 
and  their  intensity,  and  the  rate  of  sedimentation.  An 
additional  environmental  influence  is  that  of  bioge- 
nctic  factors,  for  example,  shell,  coral,  and  other  hard 
parts,  and  biogrnctic  reworking. 

A  number  of  interrelationships  exist  between  these 
various  factors.  In  siiailow  water  there  it  a  distinct 
relationship  Ix-tvvien  water  depth  and  water  move¬ 
ment.  Seaward  from  a  depth  of  20  m,  we  find  that 
waves  have  a  diminishing  effect  on  the  sea  bottom. 
The  zone  of  greatest  turbulence  lies  in  the  breaker 
area,  that  is.  where  currents  are  dqiendent  on  break¬ 
ers  and  rip  currents  arc  created. 

W  aves  and  currents  son  the  materials  present. 
Where  relatively  intense  wave  action  and  currents 
exist,  coarser  sediments,  sand,  and  pebbles  are  found, 
in  contrast  to  places  of  weaker  turbulence  ami  cur¬ 
rent.  Therefore,  sandy  sediments  are  predominantly 
dqiosited  at  depth.-,  of  20  m.  and  muddy  sediments  at 
greater  depth*  t  Fig.  1  >.  Finer  sediments  are  trans¬ 
ported  to  deep  areas  faster  than  coarser  constituents 
are  transported  to  shallow  zones.  Therefore,  because 
of  rapi.i  transgression,  we  often  find  sandy  sediments 
in  deep  water.  At  places  with  cyclic  water  movement, 
where  currents  alternate  with  periods  of  no  wrater 
movement,  deposition  of  correspondingly  coarse  and 
fine  sediments  will  occur. 

The  sediment  distribution  scheme  of  tidal  flats  is 
also  developed  by  currents  and  waves.  Near  the  level 
of  low  tide,  current  and  wave  forces  arc  greater  than 
in  the  high  ,ide  area,  and  so  muds  are  found  near 
tlie  high  tide  level  and  sand  at  tlie  low  tide  In— 
'  Fig  2 1. 

This  distribution  pattern  of  sediment  tyt<  in  rela 
turn  to  current  ami  wave  sction  is  upset  where  a  con¬ 
siderable  amount  of  new  sediment  is  brought  in.  as 
at  live  mouth  of  a  river;  m  places  with  great  dust 
or  volcanic  ash  acctimulatnx; .  «-r  where  there  is  sedi¬ 
ment  trims  glacial  drift,  or  the  erosion  of  a  steeply 
inclined  roast,  or  the  erosion  cf  channels  in  the  hasr 
ment  strata.  The  pattern  also  rr_ay  be  interrupted 
where  "foreign"  sediments  c<m*e  into  another  physi- 
H rapine  province  through  transgressing  seas,  a*  m 
most  extant  shell  areas 

Sedimentary  structure  also  develops  as  a  result  of 
water  m  vemer.t  Horizontal  silty -clav  lamellae  origi 
natr  in  areas  with  little  water  movement.  Cross- 
Iwdiltd  sands  result  trim  greater  movement  Maser 
bedding  and  lenticular  hedding  are  caasesi  by  a  chang- 
oig  water  actum  while  horizontally  laminated  sand 
s»  drsrloprsi  »n  string  turbulence 
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BIOTURBATE  STRUCTURES 

The  relationship  between  water  movement  (oxy¬ 
genation)  and  the  existence  of  bottom  life  led  Schmidt 
(1935)  and  Schafer  (1962)  to  propose  their  biofacies 
division.  Schmidt  emphasized  the  role  of  water  move¬ 
ment  in  determining  the  degree  of  02  saturation, 
while  Schafer  studied  the  effect  of  water  movement 
on  the  sediment. 

The  forms  living  on  the  bottom  of  the  shelf  area 
are  not  only  the  chief  source  of  shells  and  other  ani¬ 
mal  hard  parts  (Schafer,  1952),  but  they  are  also 
the  originators  of  bioturbate  structure  (sediments  in 
which  the  primary  structure  is  reworked  by  the  ac¬ 
tivity  of  organisms).  The  extent  of  bioturbation  de¬ 
pends  on  the  number  and  agility  of  the  infauna,  and 
on  the  abundance  of  benthic  life,  including  benthic 
fish.  Organisms  are  abundant  in  the  oxygen-rich  shelf 
area,  except  where  strong  physical  reworking  takes 
place,  as  in  the  breaker  zone  and  in  erosion  channels, 
where  burrows  are  few.  Even  when  the  population 
is  as  dense  as  in  another  area,  where  physical  re¬ 
working  is  strong  the  primary  structure  predominates 
over  the  biomrbate  structure  (Richter,  1931 ). 

The  rate  of  sedimentation  also  influences  the  num¬ 
ber  of  burrows.  If  the  burrowing  activity  of  the  or¬ 
ganisms  cannot  keep  up  with  the  deposition  of  sedi¬ 


ment,  they  are  few,  e\en  in  an  area  that  was  thickly 
populated  before  the  onset  of  rapid  sedimentation 
(Richter,  1931).  The  choice  of  a  place  of  settlement 
by  the  larval  form  of  organisms  often  depends  on  the 
nutrient  content,  rate  of  sedimentation,  and  extent  of 
reworking  of  the  bottom. 

Moore  and  Scruton  (1957)  have  pointed  out  some 
of  the  relationships  between  water  movement  and 
burrowing  organisms,  and  the  resulting  sedimentary 
structures.  Through  new  sampling  techniques  we  can 
contribute  to  and  correct  this  scheme  and  extend  the 
shelf  profile  to  include  beach  sands.  Waves  and  cur¬ 
rents  always  permit  primary  structures  to  appear 
again.  The  primary  structures  are  typical  for  a  given 
environment,  whether  they  ar>'  actually  primary  or 
repeatedly  destroyed  and  formed  anew.  Burrowing 
organisms  produce  very  different  secondary  or  biotur¬ 
bate  structures,  and  we  do  not  add  the  activity  of 
organisms  to  the  effect  of  currents  and  ves  to  get 
a  total,  because  water  movement  and  burrowing  work 
against  each  other.  The  stronger  the  physical  rework¬ 
ing,  the  fewer  the  indications  of  burrowing  activity. 

Surf  Zone  to  Shallow  Sea  Bottom 

A  profile  section  from  the  surf  zone  to  shallow  sea 
bottom  is  presented  in  Figuie  1.  On  approaching  shal- 
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Eig.  1.  A  schematic  section  showing  the  beach  to  the 
open  sea,  and  the  rela'ions  between  waves,  tidal  currents, 
an''  water  depth.  A  comparison  ma<  be  made  of  the 
colonization  by  infauna  and  sediment  type  and  minor 
structures. 


Fig.  2.  Schematic  section  of  a  tidal  flat  showing  the 
relationships  between  waves,  currents,  and  infauna,  and 
t’ne  sediment  distribution  and  minor  structures.  The  lat¬ 
ter  are  divided  into  primary  and  biogenetic  (bioturbate). 
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Fig.  3,  Sediment  distribution  on  the  tidal  flats  of  Jade 
Bay,  North  Sea.  The  mud  lies  on  the  lee  side  of  the 
mainland,  protected  from  wind  and  waves. 


lower  water  and  the  surf  zone,  the  effect  of  the  waves 
liecomes  stronger  (hatched  area)  and,  during  rough 
seas,  reaches  greater  depths  (dashed  line).  The  tidal 
current  weakens  as  it  approaches  the  beach  and  the 
surf  current  develops.  Both  current  and  waves  affect 
all  points  of  the  area,  but  their  total  activity  is  greatest 
as  the  shallower  surf  zone  is  approached. 

The  sediments  are  coarser  on  the  beach  than  in 
deeper  water.  Reworking  is  strongest  on  the  beach, 
but  with  a  rough  sea  deeper  areas  are  also  affected. 
The  boundary  between  sand  and  mud  lies  at  about 
20  m,  although  there  are  numerous  exceptions. 

Infauna!  colonization  decreases  as  the  littoral  zone 
is  approached  from  deeper  water,  and  the  resulting 
bioturbate  structures  become  less  frequent  because  of 
greater  physical  reworking.  A  primary  structure  is 
usual  in  this  zone,  (ioing  seaward,  the  next  zone  has 
a  bioturbate  structure  destroyed  during  storms  and 
replaced  by  a  primary  structure.  Farther  seaward 
the  bioturbate  structure  becomes  more  frequent,  and. 
in  many  places,  completely  replaces  the  primary 
structure. 

Tidai.  Fi.at  Surface 

On  the  tidal  flat  surface,  in  contrast  to  the  sediment 
distribution  in  the  shallow  sea,  finer  sediments  lie 
on  the  shore  near  the  high-water  line,  and  the  coarser, 
sandy  sediments  lie  at  the  low-water  level  (Van 
Straaten  and  Kuenen,  1957,  1958;  Postnia,  1954,  1961 ; 
Stevenson  and  Emery,  1958).  Thus,  the  dis',.  ibution 
of  tidal  flat  sediment  can  be  divided  into  mud,  mud- 
sand  (Misch),  and  sand  flats  i  Fig.  3). 

The  current  is  greater  on  the  lower  part  of  the 


tidal  flat  than  at  the  upper  regions ;  and  greater  cur¬ 
rent  velocity  is  found  in  the  tidal  channels  than  on 
the  open  tidal  flat  itself.  Current  velocities  of  1 
m/sec  may  be  recorded  in  channels,  although  not 
more  than  30  cm 'sec  is  reached  on  the  surface  of 
the  tidal  flat. 

Waves  are  strongest  near  the  low-water  line  and 
become  weaker  as  they  continue  landwards,  because 
of  the  friction  on  the  inclining  tidal  flat  surface. 
Stronger  wave  effects  are  possible  at  the  sides  ol  the 
tidal  channels.  During  unusually  high  water  (storm 
floods),  the  waves  may  reach  the  salt  marsh  and 
erode  its  fore-edge  to  form  a  cliff. 

Both  waves  and  current  are  stronger  at  the  lower 
part  of  the  tidal  flat;  therefore,  the  coarse  sediments 
are  distributed  near  the  lower  part  of  its  surface  and 
the  finer  sediments  above.  This  observation  comple¬ 
ments  and  adds  to  the  concepts  of  “settling  lag”  and 
“scour  lag”  of  Postnia  (1954,  1961),  and  Van  Straa¬ 
ten  and  Kuenen  (1957,  1958).  Reworking  is  de¬ 
pendent  on  the  effect  of  waves  and  currents  and  de¬ 
creases  on  approaching  the  high-water  line;  but  tidal 
flat  sediments  at  and  above  the  high-water  mark  are 
reworked  and  sand  is  deposited  during  a  storm.  Un¬ 
der  normal  weather  conditions  greater  reworking 
takes  place  in  the  tidal  channels.  The  infaunal  popu¬ 
lation  is  noticeably  larger  in  the  mud  flat  than  in  the 
sand  flat,  and  is  very  small  in  the  tidal  channels. 
Most  burrows  lie  in  the  mud  flat,  and  the  amount  o! 
bioturbation  is  less  in  the  Misch  and  the  sand  flats. 

THE  SEDIMENTARY  STRUCTURES 

Sedimentary  structures  are  partly  dependent  on  the 
type  of  sediment  they  are  composed  of ;  ripple  struc¬ 
tures,  for  instance,  are  formed  in  sand  but  not  in 
mud.  Other  structures  are  strongly  influenced  by  the 
areas  in  which  they  occur,  for  example,  salt  marsh 
deposits.  The  characteristics  of  some  of  the  more 
common  sedimentary  structures  are  discussed  and 
illustrated  below. 

Laminated  Sand 

Single  lamellae  are  a  few  millimeters  thick  (Fig. 

4)  ;  the  constituent  sand  grains  may  be  distinguished 
by  their  medium  grain  size  ( Emery  and  Stevenson, 
1950).  Laminated  sand  originates  when  sand  settles 
from  clouds  of  sand  in  suspension.  This  type  of  sedi¬ 
mentation  is  very  common  in  beach  sediments  and  in 
zones  exposed  to  strong  surf  action. 

Riiti.e  Bedding 

Ripples  are  made  up  of  (spoon-shaped)  lamellae, 
inclined  in  an  oblique,  sideward,  and  downward  posi¬ 
tion;  only  infrequently  are  the  lamellae  straight  (Fig. 

5) .  These  structures  are  developed  from  current  and 
asymmetrical  oscillation  ripples  hy  deposition  on  the 
foreset  flank  of  the  ripple  (Niehoff,  1958;  Wurster, 
1958:  Einsele,  I960;  Reineck,  1961). 

Wen  the  course  of  the  ripple  crest  oscillates  back 
and  forth  th<*  foreset  laminae  will  weave  back  and 
for*h  (1  lg.  6a).  If  the  formation  of  the  ripples  con- 
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Fig.  4.  Laminated  sand  ot  a  breaker  rune  Hat  h  lanutu 
corresponds  to  a  wave  from  which  the  \ux|cn<lr.l  sand 
has  settleii.  Not  every  wave  produces  suli  a  lamina .  |er 
tide  only  A!*  !arr.i;.ac  «.c  .!c,«»»itc.l.  North  Ika.!., 
Nordemey,  North  Sea  (  Scalr  in  centimeters' 


tinues.  the  turcsets  will  be  eroded  by  the  resulting 
rolling  current.  The  advancing  laminar  are  not  very 
thick;  the  forelayers  which  are  imlinetl  backwards 
reach  much  der|>er  and,  therefore,  occasionally  re¬ 
main  intact  As  seen  front  the  front  i  Fig  f4>'.  fes¬ 
toon  bedding  originates  in  this  manner  On  the  re 
mainim;  hurituital  section  we  hml  a  series  of  ares 
whose  apexes  are  directed  against  the  current  (Figs 
6d  ami  7 ) . 

Two  sue -classes  of  ripple  lieiMing  can  !*•  distin 
gutshetl  (  Keineck.  19Ma  l  :  (  I  i  ripple  lieskbng  that  is 
developed  from  current  ri|>ples  of  short  wavelength 
the  thickness  of  the  individual  sets  of  cross-strata  n 
not  greater  than  4  cm.  ami  the  radius  of  the  arcs 
of  festoon  heckling  is  generally  less  than  31  cm;  and 
(2)  ripple  bedding  that  develops  front  current-pro 
duced  meganpples ;  the  thickness  of  the  individual 
groups  of  cross-strata  is.  in  general,  more  than  4 
cm.  ami  the  arc  radii  of  the  festoon  heckling  are  al 
ways  greater  than  20  cm. 

There  is  another  ripple  bedding  that  originates 
from  symmetrical  and  asymmetrical  oscillation  rip¬ 
ples,  but  these  apparently  play  only  a  minor  role  in 


Fig  5  Ripple  bedding  in  a  sand  flat ;  current-produced 
ripplo  The  i!!u»trati‘*v  shows  on  the  top  a  ripple  with 
natural  form  showing  thr  inner  structure  of  the  lam.r.» 
turns  ilevrloir  '  .si  its  lee  snlr  Thr  vertical  section  has 
hern  prriared  as  a  relief  cast  Ja.tr  Ray.  North  S  a 


hig  6  Orig»n  of  ripple  hrdding  Iron*  rur rent  rippirs 
f*lanc  a  Surface  mlhe  <4  ripples  with  crest*  having 
xpfoxmg  apscal  directemi  This  tectum  cuts  into  the 
foremost  rtppic  and  thr  r-jl  is  shifted  forward  shot  half 
the  rink  length  to  show  thr  structure  which  exist*  hr- 
nrath  thr  ripple 

Ivlane  h  Fr.m!  tirw  >4  thr  strurture  yirlds  fesl.mm 
hr>ldmg 

Plane  c  Side  view  shows  cross  hrdalmg 

Planr  .1  llnri?  dial  nrw  of  thr  remaning  strurture 

The  forepomtmg  parts  <4  the  own  d**ag-;ei.  - , — - 

j-facr  a ' .  rr.strd  from  thr  krtn*  4  thr  ripple  troughs 
leaving  rmly  thr  itruetwre  <4  thr  hfkpointiwf  pari  <4  thr 
Ire  laminar  intact. 
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Kig  7  Breaker  rone.  Surface  of  a  longshore  bar  in 
■lac  foreshore  area  showing  the  structure  of  a  megarippe 
uncovered  by  wiial  action;  migration  toss  aril  the  right. 
Siiie  of  the  c<*n|>ass  =  10  cm.  North  Beach.  Norilernev, 
North  Sea 


Fg  E  Klawr  hrsVbng  to  a  much  Sat.  ottt '  x*s)  lf'*s 
-V-pi.-iimn  ■ 4  mud  m  the  trough*  of  current  rtpjacj  lv*» 
Ray.  North  Sea 


Fig.  9.  I’rtrologkal  section  of  Baser  betiding  in  a  misch 
flat,  showing  oblique  bedding  in  a  sandy  layer.  Jade  Bay. 
North  Sea  (  Vertical  high  =  4  cm) 


the  tidal  fiat,  beach,  and  open  sea  provinces.  To  the 
contrary  single  oscillation  ripples  are  frequently  noted 
in  lenttrular  bedding. 

Megaripple  hedding  originates  where  high  velocity 
currents  (greater  than  80  cm/sec)  predominate,  and 
tt  is  frequently  associated  with  coarse  sand. 

!•'».  sseii  Heddim; 

This  ^'ructurr  (Figs.  8  and  9i  implies  sand  and 
mud.  as  well  as  current  activity  ar.o  pauses  in  this 
activity  (  H.nt/whcl.  l’)J6;  Keincck.  l%0a,  h).  Dur- 
;.ig  times  of  current  activity,  the  sand  will  Ire  trans- 
|¥>rtri!  and  dejiostted  in  ripple  structures  while  the 
mini  i>  lield  m  suspension.  When  the  current  pauses, 
the  mu«l  in  »us|»cnsion  is  de|H>*ited  and  either  com¬ 
pletely  cover*  the  rqiplrs  or  covers  only  the  ripp'e 
troughs  At  tlie  start  of  tlw  next  current  cycle,  new 
Mini  is  transported  over  tile  dejxisited  mud  layer 
I  Fig  10*.  or  the  mud  is  erutled  from  the  crests  of 
the  !  ’tried  rippb  *  ami  remains  mils  in  the  troughs. 


F;T  1°  Thr  evolution  of  rtaser  bedding  from  mt»l- 
,'aTtetf  rippSev 
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Fig.  11.  Misch  Hat  bedding.  Middle — ilascr  bedding 
developed  from  oscillation  ripples.  Below — lenticular  bed¬ 
ding  caused  by  mod  de|Misited  over  incomplete  ripples. 
Vertical  section.  Jade  Bay.  North  Sea. 

The  mud-flasers  ire  geopetal  indicators,  as  the  thick¬ 
est  part  of  the  (laser  lies  in  the  deepest  part  of  the 
trough. 

Lenticcia!,  Bedim  Mt 

Lenticular  bedding  shows  sand  lenses  in  a  muddy 
groundmass  (Fig.  111.  The  sand  lenses  represent 
oscillation  or  current  ripples  which  have  wandered 
onto  a  muddy  basal  layer  and  in  whose  troughs  “win¬ 
dows"  of  this  basal  layer  remain  open ;  Sehrock 
tl94fl)  describ'd  them  as  incomplete  ripples.  When 
a  new  mud  layer  is  deposited  in  contact  with  the  old 
basal  mud  layer  in  the  troughs  of  the  sand  ripples, 
the  sand  ripples  appear  as  lenses  which  float  in  a 
muddy  matrix.  When  a  vertical  cross  section  is  made 
parallel  to  the  ripple  axis,  this  dejmsit  appears  as 
alternating  sand  and  mud  bedding. 

Fine  Rhythmically  I.\minatf.i>  Heimmm; 

This  tabling  I  F  ig.  1-1  consists  of  vertical  alter¬ 
nation  of  thin  sand  and  mud  layers  I  Richter.  1029; 


Liiders,  1930).  According  to  the  latest  unpublished 
research  of  Wunderlich  ( personal  communication), 
sometimes  the  thin  mud  layers  are  the  bottom-set 
laminations  of  ripples.  The  sand  layers  are  remnants 
of  very  flat-crested  ripples  that  possess  nearly  straight 
crests.  This  bedding  type  originates  in  moderately 
fast-flowing  water  having  a  very  high  suspension 
content.  With  every  tide,  many  single  laminae  can  he 
deposited ;  hut  a  fine  rhythmically  laminated  bedding 
is  also  due  to  tides. 

Coarse  Khythmicai.lv  Laminated  Bedding 

This  type  of  bedding  is  formed  of  sand  and  mud 
layers  which  are  many  mm  to  several  cm  thick  (Fig. 
13).  Ripple  structure  is  recognizable  in  the  sand 
layers. 

Previous  authors  have  called  the  fine  rhythmically 
laminated  bedding  “tidal  bedding”,  holding  that  one 
sand  lamella  was  deposited  during  flood  tide,  and  one 
mud  lamella  during  ebb  tide.  Wunderlich,  however, 
has  shown  (unpublished)  that  in  some  cases  many 
sand  and  mud  sheets  originate  with  every  tide.  It  is 
known,  of  course,  that  bedding  types  do  exist  which 
can  originate  during  the  tidal  cycle.  They  are  (Rei- 
neek,  1960a,  b)  (laser,  lenticular,  and  the  coarse 
rhythmic  bedding  types.  On  the  basis  of  previous  re¬ 
search,  we  believe  the  sand  layers  originate  during 
current  activity  while  the  mud  is  laid  down  in  periods 
of  slack  water.  Rhythmic  tabling  of  a  seasonal  na¬ 
ture,  such  as  that  illustrated  by  varves  or  as  described 
from  recent  sediments  of  the  Adriatic  Sea  (Seibold. 


Fig.  12.  Finely  laminated  mud-sand  alternation  in  a 
misch  flat.  Vertical  petrological  section.  Jade  Bay,  North 
Sea  ( Vertical  high  =  4  cm ) . 
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Fig.  13.  Misch  Hat  bedding.  Coarsely  alternating  mud- 
suiid  lieiiding ;  lenticular  bedding  can  he  seen  above  the 
sand.  Vertical  section  (  Scale  in  centimeters  1. 


1955),  has  not  as  yet  lieen  identified  front  the  North 
Sea. 

Mni  Dehisits 

Tliese  deposits,  having  a  thickness  which  lies  in 
the  range  of  several  cm.  are  mostly  non -homogeneous 
The  petrological  sections  show  that  there  are  weak  or 
strong  inclusions  of  individual  sand  grains  i  l-'ig.  14  i 
Frequently,  thick  mud  de|msits  are  thoroughly  bur¬ 
rowed  by  a  dense  infaunal  imputation. 

Sai  t  Marsh  or  Flood  Deposits 

These  sedimentary  structures  consist  of  very  ir¬ 
regular  alternating  lieds  of  sand  and  mud  ( b  igs.  15 
and  lb).  The  individual  layers  are  undulating,  as 
they  were  laid  down  over  the  uneven,  plant -covered, 
salt  mai.di  surface  i  Van  Straaten.  19541.  Many 
shell  deposits  are  found  inserted  in  the  strata  of  tlie 
salt  marsh  (  llantrsrhel,  1 93b ;  Schafer,  19631.  An 
essential  characteristic  of  these  deposits  is  the  pres¬ 


ence  of  many  root  canals  with  iron  hydroxide  on  their 
surfaces. 

HioTfRBATE  Struct r rf.s 

The  primary  sedimentary  structure  may  be  slightly 
changed  or  completely  altered  by  the  formation  of 
hiotuikate  or  secondary  structures.  Schafer  (1956) 
distinguished  the  fossilexlura  deformaliva  from  the 
fossilexlura  fiijuraiiva.  The  former  arc  formless  ac¬ 
tivity  traces  such  as  flecks  (Figs.  17  and  18);  the 
latter,  fossilexlura  fiyuralh'a,  have  form  and  they 
burrow  (F'ig.  19).  The  formless  structures  originate 
mainly  front  the  activity  of  benthic  fish  and  from 
crabs  or  starfish  (Schafer,  1962).  Within  our  study 
area  we  have  noted  very  characteristic  fiyurath'o 
traces. 

Nereis  dkrrsicolor  builds  multi-walled  burrows  in 
the  tidal  flat  (Reineck,  1957b.  1958a;  Seilacher.  1957). 
Sediment  introduced  into  the  burrow  is  coated  with 
mucus  and  pres  ed  into  the  burrow  walls.  At  the 
same  time,  the  animal  restores  its  burrow  to  its 
original  diameter  by  the  lateral  expansion  of  its 
body.  A  similar,  double-walled  scheme  is  found  in 
the  siphonal  burrow  of  M\a  arrnana  (Reineck. 

1958a). 

Burrows  which  are  L’-shapcd  are  made  by  i’oli- 
dom,  .Ift'HntHu  muiinu,  anti  (  otofluum  ,Mmuivi. 
Corof’hium  lives  predominantly  in  muddy  areas  of 
the  tidal  flat  ( Seilacher.  1957 ) ;  the  animal  initially 
makes  a  flat  L’-tube,  which  it  progressively  deepens. 


Fig  14  Mori  flat  hr-Stliii*  Fmr  sand  grams  are  (non) 
in  particular  layers  m  thr  moMi  gr<*md  mass  Yertiral 
petrological  section  through  a  mud  bank.  Jade  Bay.  North 
Sea  ( Vertical  high  —  4  cm  i 
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Fi*-  IS.  Sill  marsh  cliff.  The  weakly  undulating  be  !-  co-’ain  plant  roots  ar.i  inverted  shell 
layers.  The  basal  beds  are  strongly  knotted  because  the  salt  marsh  surface  was  irregularly 
-  '■  b>  tin.  utuitiduau  |Miu  gmup*  Miiisii  grew  lucre,  jade  Bay.  North  Sea. 


.4 rerco/u  marina  lives  m  the  sand  flats.  A  shell 
deposit  is  often  formed  lieneath  an  .4r,-nu-,4a  com 
mumty  and  consists  of  shell  fragments  ar.d  Hydrokut 
shells  that  ha se  sml  down  I  Van  Straatcn,  1952). 

Infauna!  bivilv'-s  ntust  he  ahle  to  move  toward  tlte 
surface  as  sediment  is  nuicklv  dctxisitcd  over  them 
l  Fig  20).  arSl  we  often  find  esca|>e  |vaths  beneath 
the*'  (lelecyprxls  i  Keineck.  195Sal. 

K specially  common  on  the  sh.i'!*>w  slielf  are  the 
large  branching  (sassages  of  l lie  trails  l  alhanassa  and 
I'pegrbra.  which  often  reach  dejrths  of  50  cm  and 
more,  and  have  cave-hke  exjwnsions  in  which  the 
amnul  may  him  itself  around  (  Schafer.  19ft2). 

An  exceedingly  widespread  structure  is  that  pro 
duced  by  the  activity  of  fhe  heart  urchin.  Iwkinofar- 
Jinm  (ordalnm  This  species  builds  a  hrng  passage 
m  which  the  sand  laser*  appear  as  a  series  of  benu- 
s'nherrv  j  lacked  <wse  up»«i  the  -aber  as  the  animal  pro¬ 
ceeds  away  (root  the  cimcavc  end  i  Schafer .  1962' 
\s  shown  in  Figure  -I.  in  the  middle  of  this  sand 
filled  passage  we  venetimrs  find  mucus-coated  fecal 
pellets  1  Kemcek.  |9r.V )  /V*i«oc«rdur*i  enrdo/iun 
•eaves  nr  open  |vusigrv 

RKGIOVM.  niSTKI.U  TION  OF 
SKOIMF.XTAKY  STRl  l  Tt  RFS 

When  one  speaks  of  a  rcgxeul  distribution  of 
sedimentary  structure  a  rjuantitativr  division  is  im- 
[s»ed  However,  a  true  quantitative  approach  is  ap¬ 
plicable  only  to  the  salt  marsh  where  accurate  obser¬ 
vations  can  be  roadr 


Salt  Marsh 

This  area  is  covered  by  a  thick  halophyte  growth. 
During  a  storm  flood  it  is  built  up  with  new  sediment 
which,  in  Jade  Bay.  can  occur  to  a  height  of  1.5  m 
above  the  high  tide  line.  A  lower  salt  marsh  de¬ 
velops  a  knotlcd  surface  due  to  t  ie  overgrowth  of 
plants.  This  strongly  undulating  surface,  often  hav¬ 
ing  differences  in  elevation  of  rm  re  than  20  cm. 
gradually  becomes  more  level  as  further  growth  con¬ 
tinues.  However  traces  of  this  original  salt  marsh 
surlacc  arc  sect:  in  the  basal  part  of  the  present  pro¬ 
file  i  Keineck.  -9fi2b),  In  the  salt  marsh  strata  we 
find  deposits  of  shell  which  were  thrown  onto  the 
marsh  by  son  ->e*.ojj  tr  !*”•  arc  of  the  'aatcr 

line  l  Figs  1 5  ...id  IM 

Tidal  Fi  vt 

Hie  lunimlary  of  the  tidal  flat  extends  not  only 
from  tlie  low  water  to  the  htKh  water  line,  but  higher, 
as  can  l«e  i  iferrcd  from  t)*e  growth  i  f  the  salt  marsh. 
In  the  <.er:ian  Bay  there  is  a  drop  in  elevation  of 
2.  fi  to  3  6  m  v  ithin  a  divtancr  of  1  *  km. 

Fssentialiv.  two  morplmlogically  distinguishable 
tidal  flat  tvpes  are  found  in  the  bay  flats  I  Fig  31 
and  the  flats  landwards  of  the  ha  I  Frisian  Islands 
i  Fig.  22 1.  m  the  irerman  Bay.  Both  have  the  same 
wdmvrnt  tvpe.  hot  live  bay  flats'  boundaries  e  '.md 
to  me  middle  of  the  hay.  Mud  is  deposited  near  the 
high  water  fine  i  mud  flat  •  and  nmslly  sand  near  the 
low. water  line  (sand  flat!  In  between  lies  an  area 
of  both  rm  !  and  sand 
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I’iff.  16.  Salt  marsh  bedding.  Irregular  sandy  <ir  silly 
arras  with  embedded  filant  parts  and  root  canals.  Verti¬ 
cal  section.  Jadr  Bay,  North  Sea  (Vertical 

high  =  4  cm ) . 


ri*  17  Mottled  structure  The  silty  sand  shows  m> 
structure  because  of  bioturhatHm.  Vertical  sectwei  id  the 
contents  of  a  Kastengreifrr  probe.  35. 5  m.  North  Sea. 


cig.  18.  Petrological  section  showing  mottled  structure  ; 
47  m,  North  Sea  (  Vertical  high  =:  4  cm). 


Pi*.  I9  Mtsch  t  sand  modi  flat.  Multi-walled,  filled-in 
burrow  of  -Vcr.-u  dncrji ,.-/or  Tlie  encountered  sedimen¬ 
tary  layers  are  slightly  hrnt  downward  by  the  widmttai 
o{  the  borrow  Vcrueal  pctrologiral  section,  jade  Bay. 
North  Sea 
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Hr  21  Sami  in  tlie  vicinity  .>i  tlie  nail.  The  layers 
of  a  mcgaript>le  can  l«r  seen  Below  right  a  hioiurlutr 
structure  produced  try  »inoc jr.fium  mrdalum,  in  t'rr 
middle  ■>!  which  saml  an  I  (real  ;-ellcts  arc  compressed 
into  a  '■  'W I  in-h  ml  structure  kastcngrrifcr  pn  l*  S  :n. 
North  '  ca. 


Fig.  20.  .Ifni  ortxaha  in  its  living  posili-xi.  showing 
the  path  of  escape  marie  necessary  by  tire  rapid  rlciiosiiion 
of  sediment  at  the  surface  Jade  Bar.  North  Sea. 


Murl  ircilomm.rtcs  on  the  ttuti!  li.it,  Iwit  enough  sand 
is  present  to  build  different  hedd.ng  t\|>es  <  Table  1  >. 
Because  or  the  thick  inf.tcmal  population  and  the  low 
rate  of  ohvsieal  reworking.  ii<any  bioturlrate  struc 
tures  ordinate  here  ...id  i.main  r.act.  About  4t) 
Jicrenit  i>-  the  ilc]K>Mt  is  complete!  Summed  through 
chiefly  by  t  mof-hium  iiHHljtitr,  1 1 .  l.  r,.moj(«r  jiii 
formts.  \\ms  dii<rrsii<'lfr  l  Fig  I'll,  and  .Vi'rohiru 
fan.:  f'unu 

I  hsturlw  Kc  oi  the  primary  structure  can  also  l«- 
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table  1.  Abundance  of  structure  types:  mud,  niud- 
sand  (  Misch  i,  and  sand  fiat. 


Structure  type 

Mud 

flat 

M  ud- 
sand 
(  Misch ) 

Sand 

flat 

1.7c) 

(7c) 

(7c) 

M in /  bank’ 

Without  recognizable 

lamination 

14 

2 

+ 

With  fmc  sandy  laminations 

17 

3 

+ 

Hank  of  sandy  mud 

11 

7 

+ 

h'h\tlimiealt\  laminated  beddimi 

Fine 

10 

IK 

3 

Coarse 

Lenticular  nml  /laser  bedduhi 
Lenticular  and  (laser 

3 

24 

2 

lenticular  bedding 

I 

9 

1 

Haver  bedding 

5 

i3 

13 

Riffle  bedding 

Short- wave 

_ 

2 

54 

Mega 

— 

- 

5 

Laminated  sand 

— 

1 

10 

Itiaturl'iite  str„,  hire 

39 

21 

12 

caused  by  plants.  However,  there  aie  lew  plants  on 
the  tidal  Hats;  among  these  are  Saliconica  hcrbacca 
and  Sf'urhn,i  Inhiisentli. 

1  lie  widest  spectrum  of  bedding  types  is  found  in 
the  Misch  Flat.  About  JO  percent  of  the  bedding  is 
bioturhated,  chiefly  through  the  activity  of  .Xercis 
tlacrsicitlor,  Hctcrinmislus  filiformis,  Alya  arenaria, 
and  C  aril. uni  cdulc.  Possible  plant  originators  of  a 
bioturbate  secondary  structure  are  Zvstcra  marina 
and  mum 

I  lie  effect-  of  tlx-  meandering  tidal  channels  arc 
especially  miportunt  on  tile  Misch  flat.  Lateral  sedi¬ 
mentation  is  evident,  with  erosion  of  the  regrading 
ban’s  and  a  lateral  deposition  on  the  point  bar.  On 
the  channel  floor,  lieds  of  shell  and  mud  pebbles  are 
found  i  Van  Stniaten,  1954). 

keincck  <  ldaKl.  >  it  nurd  these  laterally  deposited 
layers  “longitudinal  obliipie  lieds”  because  the  strike 
of  these  is  parallel  to  the  direction  of  the  flow  of 
water  (big.  23).  Conversely,  the  strike  of  ripples 
runs  perpendicular  to  the  direction  of  flow.  The 
longitudinal  oblique  bedding  contains  predominantly 
less  bioturbate  strtictures  than  the  nearly  horizontal 
bedding  of  the  tidal  flat  surface  liecause  the  sedimen¬ 
tation  rate  is  very  high  in  the  tidal  channels. 

This  longitudinal  oblique  bedding  is  also  found  on 
the  Misch  flat  (big  24)  and  the  sand  flat.  The  angle 
of  dip  of  these  lieds  in  the  latter  area  is  very  much 
smaller  than  in  the  former.  It  can  he  found  in  the 
sand  flat  because  its  ripples  have  a  smaller  angle  of 
flip  than  those  that  form  in  tnegaripples ;  ripple  struc¬ 
ture  is  developed  mainly  in  the  individual  banks  and 
indicates  a  current  direction  parallel  to  the  strike  of 
the  entire  hank.  In  the  Misch  flat,  the  muddy  compo¬ 
nent  <  (laser,  lenticular,  and  rhythmic  bedding)  is 
great  m  contrast  to '  its  occurrence  in  transverse 


oblique  bedding.  Frequent  tension  faults  ar<*  de¬ 
veloped  in  the  banks  (compare  Figs.  23,  24,  •  nd  25). 
The  shell  layer  of  the  tidal  channel  remains  intact 
at  the  base  of  these  oblique  beds  (Jarke,  1949). 

Sand  Flat 

Ripple  k'dding  (Fig.  4)  is  almost  always  present 
on  the  sand  flat  (Table  1).  and  here  the  bioturbation 
faliout  ten  percent)  is  the  rarest  of  all  the  tidal  flat 
types,  except  in  Arcnicala  communities  where  biotur¬ 
bate  structures  liecome  very  numerous.  The  main 
hmturbaters  are  Arcnicoht  marina,  Cardium  cdulc, 
ScAoplos  arntii/cr  (Fig.  26),  and  Lattice  conchilcga. 

A  summary  of  the  percentage  of  the  various  bed¬ 
ding  types  represented  in  the  tidal  flats  is  given  in 
Table  2.  A  summary  of  the  distribution  is  given  in 
Figure  27. 

Shore  Area 

The  morphology  of  the  foreshore  .and  inshore  is 
very  well  divided  by  the  sublittora!  channel,  the  beach 


Fig.  24.  Longitudinal  oblique  bedding,  from  a  misch 
flat,  shewing  a  (ension  sircar.  Vertical  section.  Jatle  Bay, 
North  Sea. 


F<  27  Sehrmaltr  of  a  tidal  Hal  turfacr  tlxming  thr  dittriNmnn  of  iht  +m:iart!  tnfaunai  >[«■»*  hi  valt 

marth  de|«mtt;  tb>  alternating  mud  vartd  later* .  <c)  Hater  ini'  **  id)  ripfde  bnidrnj .  and  lei  »hrll  frafmmi* 
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Table  2.  Abundance  of  tidal  fiat  structure  types. 


Total  profiles 


Structure  type  ( % ) 


Mud  bauk 

Without  recognizable  lamination  3 

With  fine  sandy  laminations  3 

Bank  of  sandy  mud  5 

Rhythmically  laminated  beddiny 
Fine  1 1 

Coarse  14 

Lenticular  and  / laser  bedding 
Lenticular  and  flascr/lenticular  bedding  5 

Flascr  bedding  12 

Ripple  beddiny 

Short-wave  21 

Mega 

Laminated  sand  4 

Rivturbate  structure  20 


Fig.  28.  Transport  directions  of  sand  in  a  foreshore 
area.  The  sand  crosses  the  longshore  bar,  frequently  in 
the  form  of  megaripples.  The  sand  is  transported  farther 
seaward  through  the  beach  channels.  0)>en  sea  above. 

wall,  and  the  longshore  bar.  The  beach  wall  is  com¬ 
posed  primarily  of  laminated  sand,  dipping  weakly 
toward  the  sea.  The  foreset  bedding  dips  in  a  land¬ 
ward  direction. 

Ti  c  beach  channels  contain  current  ripples,  com¬ 
monly  built  as  megaripple;  (Hiintzschel,  1938),  with 
ests  perpendicular  to  the  beach  front.  The  mega- 
rip:>;e  orientation  is  changed  to  parallel  to  the  sea 


hig  29  Beach  profile  showing  dominant  sedimentary  structure.  A  cut  through  a  dune-island  with  dominant  sedi¬ 
mentary  structure  in  the  area  of  the  foreshore,  inshore,  and  offshore. 

Foreshore:  Meganpplc  bedd”'*.  lamrjted  sand  and  short-wave  ri]>ple  bedding.  Few  burrows. 

Inshore  and  ofsho'e:  Burrows  increase  Megaripple  structures  exist  only  where  coarser  sand  is  found;  the  burrows 
are  less  frequent  he*e  <  See  Fig.  30 1 


■  •ir’vurn  ITWKTVM  arotun  u*« 

r 

wcwtwimc  m«H  ’  ;  run  uki 

'  •*eev«  hwkm  •_  nn 

;  j  UMWon  hmu  •»  ax'oaeaTm 

Fig  30  Foreshore  profile  of  the  Kail  Frisian  Island.  Nor-drrney.  pr.srrdmg  northward  to  the  o|eii  sew  The 
sediment  hronmrs  finer  as  the  depth  of  the  water  increase* .  at  the  same  tune  thr  frequency  .  «  bsoturhatr  structure 
mrreases  until  thr  primary  strurturr  it  nenplrtrly  destroyed 
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Table  3.  Abundance  of  primary  and  bioturbate  structure  types  in  relation  to  water  depth. 


Bioturbate 

structure 

(ft) 

Mega¬ 

ripples 

(ft) 

Short- wave 
ripples 

(ft) 

laminated 

sand 

(ft) 

Lammaled 
t.iud  sand 
(ft) 

Flaser 

bedding 

(ft) 

Inshore  to  —10  m. 

Medium  sand ;  fine  sand 

28 

12 

16 

41 

3 

Deeper  than  —10  m. 

Fine  sand 

52 

5 

11 

29 

3 

Medium  sand 

25 

so 

15 

7 

2 

1 

where  the  longshore  bar  is  broken  through  by  rip 
currents  flowing  seaward  (Fig.  28). 

The  longshore  bar  consists  of  layers  of  laminated 
sand,  ripple  bedding,  and  sometimes  of  megaripple 
bedding  (Figs.  4  and  7), 

Bioturbate  structures  are  rarely  observed  on  the 
foreshore.  Hoyt  and  VVeimer  ( 1063)  have  shown  that 
the',’  structures  first  appear  in  the  inshore  area. 

Inshore  to  Shelf  Ake« 

A  diagrammatic  profile  of  the  inshore  to  shelf  area 
is  presented  in  Figuios  29  and  30.  W  ith  increasing 


Fig.  31.  Bioturbate  »iriKfjrr».  Upixr  right:  burrow  of 
tu  hiHi't  ardmm.  Many  mollusc  valves  arc  displaced 
through  the  burrowing  of  tiic  infauna,  and  many  arc 
broken  by  fish.  Vertical  sec  lion  of  a  Kastengreifer  probe, 
preiaired  m  relief  cast.  21  m.  North  Sea. 


depth,  the  effect  produced  by  wave  action  on  the  bot¬ 
tom  sediments  grows  weaker,  whereas  the  effects  of 
the  tidal  current  become  important.  The  combined 
effect  of  waves  and  current  is  so  strong  that  usually 
only  clean  sand  is  found  from  the  tidal  flats  to  a 
depth  of  about  20  in.  These  sands  are  laminated  and 
ripple  bedded,  but  where  coarser  sand  originating 
mainly  from  morainic  material  is  present,  megaripples 
formed  by  die  tidal  current  can  be  observed. 

At  a  dept’  of  about  2  m,  burrowing  (in  order  of 
decrying  importance)  by  Echinorardium,  the  bi¬ 
valve,  Angulus,  and  in  places  by  the  worm,  Lattice 
conchilcga,  begins  to  appear  (Reineck,  1963c).  In 
comparing  tiie  proportion  of  burrows  in  the  inshore 
.egioiis  to  those  in  sands  deeper  than  10  m  (Table  3), 
we  rote-  that  burrows  increase  as  the  depth  increases ; 
this  is  expected  because  of  weaker  physical  rework¬ 
ing.  The  megaripples  become  less  frequent,  except  in 
coarser  sand,  where  they  are  formed  at  depths  greater 
than  20  in  (Fig.  7).  As  the  depth  increases  the  oc¬ 
currence  of  laminated  sands  decreases. 

At  depths  greater  than  20  m.  the  mud  component 


Fig.  32.  Burrows  .vith  numerous  fecal  pellets.  V  tical 
section.  30 m,  North  Sea  (Black  rectangle  —  1  vm). 
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of  the  sand  increases,  and,  after  a  short  transition, 
sandy  mud  is  found.  Primary  structures  seldom  re¬ 
main  intact,  because  of  the  bioturbation  by  Echino- 
cardium  (Fig.  21),  Callianassa  stcbbingi,  Vpogebia 
iitoralis,  Amphiura  filiformis,  and  also  starfish  and 
flatfish.  According  to  Moore  and  Scruton  (1957)r  the 
resulting  structure  can  be  termed  mottled  (Figs.  16 
and  17). 

Mud  from  the  Elbe  and  VVeser  Rivers  is  deposited 
in  water  at  depths  of  20—40  m  southeast  of  Helgoland 
(  I'ratje,  1931;  Reineck,  1963c).  These  muds  began 
being  deposited  after  the  post-Pleistocene  transgres¬ 
sion  and  now  attain  a  thickness  of  over  4  m.  They 
contain  bioturbate  structures  to  a  moderate  degree  and 
have  numerous  sand  layers. 

The  high  content  of  shell  fragments  is  also  obtained 
at  depths  greater  than  20  nt.  Krause  (1950)  and 
Schafer  (1962)  attribute  these  fragments  to  the 
predatory  action  of  fish  (Fig.  31).  Fecal  pellets  are 
present  in  the  petrological  sections  of  both  tidal  flat 
and  shallow  shelf  sediments  (Fig.  32),  whereas  they 
are  completely  absent  in  beach  samples, 

SUMMARY 

The  methods  and  observations  presented  here  offer 
promise  of  new  insight  into  the  reaim  of  present  and 
past  marine  sedimentation.  Our  deductions  concern¬ 
ing  geological  and  paleontological  phenomena  can  be 
only  partly  understood  or  interpreted  as  long  as  we 
have  insufficient  knowledge  of  the  variability  of  pres¬ 
ent  sedimentary  environments. 

Author’s  Note:  This  study  was  made  possible  through 
the  aid  of  the  Deutschen  Forschungsgemeinschaft  (Ger¬ 
man  Research  Society). 
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The  delineation  of  mixed  sedimentary  environment* 
is  one  of  the  more  difficult  problems  faced  by  geolo¬ 
gists.  The  problem  is  not  only  interesting  as  an  aid  in 
interpreting  the  history  of  the  earth,  but  also  has  eco¬ 
nomic  interest.  Mixed  environments  are  represented 
in  most  of  the  recoverable  stratigraphic  record.  Ex¬ 
tensive  energy  fuels  are  stored  in  rocks  deposited  in 
these  environments.  Therefore,  delineation  of  mixed 
environments  has  become  a  critical  function  of  sedi¬ 
mentary  geology. 

Tidal  flat  and  estuarine  environments  have  received 
considerable  study  in  the  past  decade.  The  tidal  flats 
of  the  Wadden  Zee  of  the  Netherlands  were  studied 
in  great  detail  by  Van  Straaten  ( 1961 )  and  have 
served  since  then  as  a  reference  model  for  comparison 
of  other  modern  and  ancient  tidal  flats.  Estuarine  sedi¬ 
ments  were  studied  very  early  by  geologists  who 
recognized  many  ancient  counterparts  (Sollas,  1883; 
Twenhofel,  1932).  Detailed  work  on  other  mixed 
environments  has  shown,  however,  that  many  of  the 
rocks  believed  to  be  estuarine  represent  other  shallow 
marine  environments. 

Because  of  the  recent  surge  in  sedimentological  re¬ 
search,  it  is  appropriate  to  compare  the  studies  of  re¬ 
cent  data  with  studies  of  ancient  rocks.  The  purpose 
of  this  paper  is  to  determine  what  features  of  modem 
tidal  flats  and  estuarine  sediments  are  preserved  in 
their  ancient  counterparts.  After  these  features  are 
identified  and  distinguishing  criteria  became  estab¬ 
lished.  it  should  he  possible  to  improve  our  genetic 
interpretation  of  ancient  sedimentary  rocks. 

RECENT  TIDAL  FLAT  SEDIMENTS 

Many  variables  characterize  the  sedimentation  cf 
intertidal  zones.  The  most  common  feature  of  this 
environment  is  that  water  periodically  rises  and  falls 
so  that  the  sediment  is  alternately  submerged  bv  salt 
water  and  expend  to  the  atmosphere  Some  of  the 
environmental  variables  include  the  type  of  sediment 
present,  bottom  slojie,  tidal  range,  fetch  distance  avail¬ 
able  to  wind*  at  high  tide,  coastal  morphology,  cli¬ 
mate.  organisms,  and  the  long-term  position  of  the 
sea  in  relation  to  the  land. 

Studies  by  Van  Straaten  1 1961 )  and  Klein  <  1963a  1 
'how  that  tidal  flat  sedimentation  occurs  in  two  dis¬ 
tinct  settings  which  »re  controlled  by  the  nature  of 
the  flanking  coast.  Tidal  flats  are  known  to  occur 
along  soft-sediment  coasts  of  low  relief,  typified  by 
the  Wadden  Zee  tidal  flats  of  the  Netherlands,  the 
Wash  of  England,  and  the  Gulf  C oast  of  the  southern 


United  States.  Tidal  flats  also  flank  rocky  coasts  like 
the  coast  of  the  Bay  of  Fundy  or  the  coast  of  Maine 
These  types  of  tidal  flats  will  be  referred  to  as 
"Wadden -type”  for  the  former  and  "Fundy-type”  for 
the  latter. 

W  adorn -type  Tidal  Flats 

Tie  Wadden  Zee  is  a  targe  lagoon  separating  the 
Frisian  Islands  from  the  mainland  of  the  Netherlands. 
During  low  tide,  the  water  of  this  lagoon  drains  off 
and  exposes  extensive  tidal  flats.  Because  of  its  shal¬ 
low  depth  and  a  tidal  amplitude  ranging  from  1.5  to 
2.75  meters,  most  of  the  Wadden  Zee  floor  is  exposed 
at  low  tide. 

Sedimentary  Processes 

The  sediments  of  the  Wadden  Zee  tidal  Hats  consist 
of  fine  sand,  sill,  clay,  and  shell  debris.  These  compo¬ 
nents  are  sorted  into  different  primary  structures  de¬ 
pending  upon  the  influence  of  the  various  inorganic 
and  organic  processes  which  operate  singly  or  in  com¬ 
bination  in  various  tidal  environments.  The  distinc¬ 
tive  features  of  the  tidal  flat  sediments  are  direct  re¬ 
sults  of  the  intensity  of  reworking  mechanisms  which 
constantly  attack  the  sediments. 

/ norganic  Processes — Inorganic  processes  operating 
on  the  Wadden  Zee  tidal  flats  include  tidal  currents, 
waves,  lateral  and  downcurrent  shifting  of  streams, 
and  changes  of  level  between  land  and  sea. 

Tidal  currents  transport  mud  from  the  North  Sea 
floor  into  the  W  adden  Zee  area.  The  mechanism  of 
landward  clay  transportation  has  been  described  by 
Van  Straaten  and  kuenen  ( 1958)  and  confirmed  by 
det.iroot  ( 1963).  Tidal  currents  also  produce  current 
rip|>le  marks  m  the  channel  floor  sediments  and  on 
the  broader  part*  of  the  tidal  flat  (Van  Straaten. 
1949,  |950a.  19531  Wave  action  generates  ripple* 
in  fine  sand  on  all  exposed  flats. 

Lateral  and  downcurrent  shilling  of  stream*,  par¬ 
ticularly  the  meandering  creeks  of  lower  tidal  flats, 
is  the  most  effective  method  of  sediment  reworking. 
The  features  existing  in  llie  sediment  on  the  creek 
out  tanks,  such  as  burrow  structure*  and  shrill  in 
growth  position,  are  completely  destroyed  when  the 
material  slumps  or  falls  by  undercutting  into  the 
creek  bank.  The  water  in  the  creeks  washes  away  the 
finest  sediment  and  concentrate*  shells  on  the  creek 
bottom  as  a  lag  |iavement.  Muddy  or  sandy  sediment 
barren  of  shells  accunedatc*  on  the  point  hart.  and. 
during  lateral  shifting,  this  sediment  builds  over  the 


207 


208 


ESTI'ARISS  :  SEDIMENTS  AND  SEDIMENTA1  «N 


TIS4L  HMIH 


Fig.  1.  (A)  Block  diagram  showing  relations  of  sedi¬ 
mentary  environments  in  tidal  flats  in  Dutch  Wadden  Zee 
(After  Van  Straaten,  1954b,  1961). 

(B)  Enlarged  cross-section  through  the  laterally  mi¬ 
grating  tidal  channel,  point  bar,  and  tidal  flats  (After 
Van  Straaten,  1952). 

shell  pavement  of  the  creek  floor.  Foint-bar  sediments 
may  consist  of  interstratified  ntud  and  sand  laminae; 
it  is  possible  that  the  mud  is  dropped  at  the  turn  of 
high  tide  and  covered  by  sand  before  it  is  washed 
away  by  the  ebb  flow.  Van  Straaten  refers  to  this 
complex  process  as  lateral  sedimentation  ( Van  Straa¬ 
ten.  1951,  1954a,  b).  It  generates  a  vertical  sequence 
of  sediments  representing,  from  base  to  top,  the  chan¬ 
nel  floor,  the  point  bar,  and  the  tidal  flat  environments. 

Changes  of  level  between  the  land  and  the  sea  in¬ 
fluence  the  vertical  dimension  and  determine  the  posi¬ 
tion  of  tidal  flat  dejiosition.  If  a  slow  relative  subsi¬ 
dence  increa  .  in  subsidence  rate,  the  upper  sediment 
layers  become  buried  by  newly  dejmsited  material. 
Such  changes  have  ixen  called  "vertical  sedimenta¬ 
tion”  by  Van  Straaten  <1951,  1954a.  b).  The  extent 
to  which  this  vertical  factor  has  entered  into  tidal 
flat  sedimentation  is  difficult  t«  determine;  more  re¬ 
liable  findings  may  Ire  obtained  by  studying  the  strati- 
grajdtic  thicknesses  or  salt  marsh  peat. 

thganic  processes—  Organic  sedimentary  processes 
v  Inch  influence  trdal  flat;  sedimentation  include  secre¬ 
tion  of  shells,  disruption  of  structures  by  lair  rowing 
ano  detritus-reeding  organisms,  entrapment  of  sedi- 
.'-icnt  by  grasses.  at.-d  bacterial  reduction  of  Iron 

ShcH*.  rotes!  by  marme  invertebrates  are  sneor- 
pot vied  with  and  are  created  on  the  tidal  flat  sedi¬ 
ment*.  Shells  and  shell  fragments  accumulate  in  the 
sediment  wher*-  Ihe  animal  lived,  or  are  shitted  by 
waves  and  currents  to  form  sliell  concentrates  not  re- 
laicd  to  the  living  position  of  the  organism.  Myldus 
and  several  gastropod*  are  the  most  common  forms 
living  on  the  tidai  fists  .'dost  other  invertebrates  are 
burrowing  clam*,  worms,  and  gastropods.  Shells  of 
burrowing  clans*  litre  the  shell  pavement  of  the  chan¬ 
nel  floor. 


Burrowing  and  detritus-feeding  organisms  destroy 
primary  structures  and  create  new  structures.  Bur- 
rowers  destroy  lamination.  The  worm  Arcnicola  ma¬ 
rina  forms  stratification  at  its  feeding  depth  by  re¬ 
jecting  particles  which  are  too  large  for  digestion. 
Because  the  rouse  residue  contains  numerous  shells 
of  the  small  gastropod  Hydrobia,  the  residue  layer 
lias  been  named  the  Uyiroola  bed  (Van  Straaten. 
1930b,  1952). 

Van  Straaten  (1952)  estimated  the  potential  re¬ 
working  of  sediment  by  Arenicolo,  which  reworks 
completely  the  entire  sandy  sediment  above  its  feeding 
level  every  20  months  (Klein  and  Sanders,  1964). 

Sedimentary  Environments 

The  sedimentary  environments  of  the  Wadden  Zcr 
have  been  studied  in  great  detail  by  Van  Straaten 
(1949,  1950a,  b,  1959.  1961).  He  recognizes  four 
principal  environments  which,  proceeding  seaward 
from  land,  are  (1)  salt  marshes,  (2)  high  tidal  flats. 
(3)  low  tidal  flats,  and  (4)  tidal  channels.  The  ge¬ 
ographic  interrelationships  of  these  environments  are 
summarized  in  Figure  1.  Similarly  dispersed  environ¬ 
ments  occur  in  many  coastal  settings,  but  their  rela¬ 
tive  size  may  vary,  or  additional  types  of  environ¬ 
ments  can  occur,  for  example,  those  reported  by  Evans 
(1958)  front  the  Wash  of  eastern  England.  Distinct 
subenvironments  also  occur  within  these  four  environ¬ 
ments. 

The  type  of  sediment  occurring  on  any  part  of  the 
tidal  flats  of  the  Wadden  Zee  is  determined  by  the 
interplay  of  the  inorganic  and  organic  sedimentary 
processes  described  previously.  The  processes  which 
operate,  and  where  they  operate,  are  controlled  by  the 
various  environments.  Because  sediment  supply  to 
these  tidal  flats  is  of  a  restricted  grain  size,  textural 
variations  are  determined  more  by  local  conditions 
and  processes  than  by  external  supply. 

Salt  Marshes — Salt  marshes  are  characterized  by 
abundant  grass  and  few  marine  invertebrates.  The 
grassy  areas  are  traversed  by  a  network  of  incised 
watercourses  or  creeks  (  Fig.  1 ).  These  marsh  creeks 
meander  and  are  sometimes  bordered  by  low  natural 
levees  In  some  areas,  the  streams  show  a  striking 
flow  pattern  which  consists  of  a  network  of  small 
creeks  ihat  flow  landward  and  a  few  major  creeks 
which  flow  directlv  seaward  i  Van  Straaten,  1951. 
1954b). 

Salt  marsh  sediments  are  influenced  mostly  by  their 
marsh  grasses,  as  evidenced  by  wavy  lenticular  lanu 
nae  of  fine  sand  and  clay.  The  grass  of  the  salt 
marshes  and  higher  tidal  flats  traps  sediment  by  ob¬ 
structing  and  baffling  the  flow  of  water.  C-mss  tufts 
form  an  irregular  depositional  surface,  so  the  sedi¬ 
ment  laminae  overlying  these  tufts  are  wavy  and  un 
even  in  thickness.  Furthermore,  sediment  deposition 
in  depresvons  between  elevated  plan*  stems  causes  a 
small-scale  lenticular  stratification  in  cioss  section 
Such  laminae  are  absent  in  the  meandering  crerk  sedi 
nients  where  current  ripples  occur. 

High  Tidal  Flats—  Seaward  from  the  salt  marshes 
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is  a  more  variable  zone  called  the  high  tidal  flats. 
Although  the  higher  tidal  flats  are  underlain  by  sand, 
they  are  normally  devoid  of  incised  watercourses. 
Where  salt  marsh  creeks  debouch  into  higher  tidal 
flats,  the  meandering  habit  changes  to  a  series  of 
small  braided,  shallow,  ephemeral  channels  (Fig.  1). 
Narrow  and  muddy  higher  tidal  flats  are  drained  by 
incised  watcrcouiii..,  which  do  not  change  in  channel 
habit  at  the  boundary  of  the  salt  marsh  and  the  high 
tidal  flat.  The  chief  organic  content  of  these  flats  is 
a  marine  invertebrate  fauna  consisting  of  crustaceans, 
worms,  gastropods,  and  pelecypods. 

High  tidal  flat  sediments  vary  with  areal  morphol¬ 
ogy.  If  the  high  flats  are  wide,  they  consist  of  sand 
reworked  by  waves,  currents,  and  burrowing  organ¬ 
isms  (notably  Arenicola  marina).  The  surface  of  the 
sandy  higher  flats  is  abundantly  rippled  and  the  sedi¬ 
ment  shows  ripple  lamination  or  structures  formed  by 
burrowing  organisms.  The  Hydrobia  bed  is  almost 
ubiquitous  at  depths  of  20  to  30  cm  below  the  surface. 
The  surficial  layers  of  sediments  contain  animals  pre¬ 
served  in  life  position,  but,  where  such  forms  occur, 
lamination  has  l>een  destroyed.  Narrow  or  muddy- 
high  tidal  flats  differ  from  wide  ones  in  that  there  are 
no  sand-dwelling  burrowers  and,  where  there  are  in¬ 
cised  watercourses,  they  may  contain  deposits  of  rip¬ 
pled  sands. 

Lower  Tidal  Flats — The  lower  tidal  flats  consist  of 
grassless  tracts  of  mud  into  which  meandering  creeks 
have  been  incised.  These  streams  resemble  marsh 
creeks,  but  unlike  marsh  creeks  they  shift  position 
rapidly  in  both  the  lateral  and  downcutting  directions. 
A  lateral  displacement  of  10  m  in  118  days  was  meas¬ 
ured  in  one  creek.  A  maximum  value  of  14.6  cm  per 
day  occurred  during  one  12-day  interval  (Van  Straa- 
ten,  1951).  Clusters  of  Mytilus  edulis  cover  wide 
areas  of  the  lower  tidal  flat  environment  and  form 
large  banks.  Burrowing  organisms  are  also  present. 

Most  of  the  sediment  is  mud  and  muddy  sand.  In 
addition  to  meandering  creeks  reworking  this  sand, 
wave  action  and  tidal  currents  rework  the  sediment, 
which  forms  megaripples.  The  surficial  layers  of  sedi¬ 
ment  are  densely  inhabited  by  burrowing  pelecypods 
and  cap|ied  by  mussel  banks.  Sediments  near  a  mussel 
bank  are  influenced  by  both  organic  and  inorganic 
processes.  The  profile  of  a  mussel  bank  is  often  asym¬ 
metrical,  being  steep  on  the  lee  side  and  gentle  on  the 
windward  side.  Waves  tend  to  erode  the  expteied  side 
and  wash  out  sediment  from  between  individual  shells. 
an»l  sediment  is  trapped  between  shells  on  the  pro¬ 
tected  side.  Consequently,  certain  mussel  banks  shift 
laterally,  analagous  to  a  megaripple.  I  Jit*,  ral  displace¬ 
ment  of  6  m  in  46  dayi  was  measured  on  one  mussel 
bank  (Van  Straaten.  19511.  Though  both  sheila  and 
fecal  pellets  are  contributed  to  the  sediments  from  the 
mussel  banks,  mussel  shells  are  not  common  in  the 
sediment  underlying  the  banks  because  wave  erosion 
is  concentrated  on  the  exposed  parts  of  the  bank.  Fe¬ 
cal  pellets  are  abundant  in  the  surface  layers  of  the 
sediment  underlying  the  mussel  banks,  but  »he*e  are 
lost  at  depth.  Lamination  under  the  mussel  banks  may 


or  may  not  be  disturbed,  although  burrow-fillings 
which  have  been  deemed  by  compaction  have  Ixwi 
observed. 

Marine  invertebrates  are  abundant  on  and  immedi¬ 
ately  below  the  surface,  but  shells  are  rare  in  the 
underlying  sediment.  Where  shells  occur,  they  are 
concentrated  into  distinct  layers.  This  distribution 
fosters  the  curious  paradox  of  the  concentration  of 
shells  in  tidal  flat  sediments  not  necessarily  pre-ir j 
that  the  organisms  lived  in  profusion  at  that  place, 
and  the  absence  of  shells  not  proving  that  organisms 
did  not  live  at  that  place  or  were  not  abundant.  This 
paradox  is  explained  by  the  upward  migration  of  bur¬ 
rowing  organisms  through  the  sediments,  and  by  a 
rapid  reworking  of  the  sediment  by  shifting  meander¬ 
ing  creeks  (Van  Straaten,  1950b). 

Tidal  Channel — The  tidal  creeks  carry  the  bulk  of 
the  water  in  and  out  of  the  Wadden  Zee.  Channel 
floors  are  always  submerged  even  at  low  tide,  and  the 
channel  courses  are  greatly  curved,  rather  thar.  com¬ 
pletely  meandered.  The  highest  current  velocities  in 
the  channels  develop  immediately  before  and  immedi¬ 
ately  after  high  water  (Van  Straaten.  1949,  1954b). 

Sediment  from  channel  floors  consists  of  shells 
which  are  oriented  convex  upward,  imbricated  upeur- 
rent,  and  with  long  axes  aligned  parallel  to  current 
direction.  Coarse  sand  and  clay  pebbics  may  also  be 
present  in  the  channel  floors.  Channel  floor  sediment 
is  usually  overlain  by  point-bar  sediments  which  con¬ 
sist  of  interlayered  and  finely  laminated  clay  and  sand, 
in  which  the  day  may  consist  wholly  of  fecal  pellets. 
Abandoned  creeks  may  be  filled  with  mud  that  has 
been  washed  in  by  waves  and  tidal  currents. 

Ripple-marked  sand  with  different  patterns  of  rip¬ 
ples  predominates  in  tidal  channels.  Cores  from  the 
channels  show  ripple-laminated  sand  and  occasional 
sand  and  clay  alternations.  Shell  beds  are  present  also 
in  tidal  channel  deposits  and  form  the  creek  floor. 
Burrowing  structures  are  rare  except  in  the  upper 
layers  of  mud-filled  abandoned  channels. 

The  channel  sediments  tend  to  show  a  definite  ver¬ 
tical  succession  of  textures  and  primary  structures. 
From  the  base  upward,  they  are  ( 1 )  shell  lag  concen¬ 
trate,  (2)  cross-stratified,  point-i  v  sands.  (3)  ripple- 
laminated  sand,  silt,  and  clay  frtra  tidal  flats.  These 
are  well  exposed  in  construction  sites  (Van  Straaten. 
1957 ;  Sixth  International  Scdimentolofical  Congress. 
1963). 

Other  Examples  of  H'addea-Type  Tidal  Flats 

Noteworthy  examples  of  Wadden -type  tidal  flats 
are  those  described  by  Evans  ( 1958)  from  the  Wash 
of  eastern  England  and  the  tidal  flats  of  northwest 
Germany  (HanUschei.  1939).  The  Wash  tidal  flats 
can  be  subdivided  into  environments  almost  identical 
to  those  of  the  Wadden  Zee.  but  Evans  made  more 
detailed  biological  subdivisions. 

Ff  Nov-Tart  Tijal  Flats 

The  Bay  of  Fondy  intertidal  tone  ( Fig.  2)  includes 
more  diverse  sedimentary  environments  than  the 
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Fig.  2.  Index  map  of  the  Bay  of  Fundy  showing  the 
limit  of  low  tide  (dotted  line  flanking  shoreline). 


Wadden  Zee  because  of  the  variations  in  bedrock, 
topographic  relief  in  coastal  areas,  tidal  amplitude, 
and  the  extent  of  wave  action.  Klein  (1963a)  has 
distinguished  the  following  four  major  sedimentary 
environments:  (1)  wave-cut  benches,  (2)  estuarine 
clay  flats,  (3)  tidal  flats  in  the  lee  of  barrier  islands, 
and  (4)  tidal  marshes. 

Wave-cut  Benches — Thin  (0  to  2  feet)  sediment 
veneers  on  wave-cut  benches  occur  in  75  percent  of 
the  tidal  areas  in  the  Bay  of  Fundy.  The  physical 
features  of  these  veneers  are  determined  by  waves, 
tidal  action,  and  the  physical  properties  of  underlying 
bedrock.  The  composition,  texture,  and  color  of  these 
sediments  is  controlled  directly  by  underlying  bedrock. 
Triassic  red-bed  wave-cut  benches  generate  a  veneer 
sediment  which  possesses  the  same  color,  texture,  and 
composition.  Mississippian  liedrock  (black  siltstone, 
black  claystone,  brown  sandstone)  generates  black, 
brown,  and  gray  veneer  sediment.  A  similar  relation¬ 
ship  between  bedrock  properties  and  sediment  veneer 
properties  occurs  along  most  of  the  Bay  of  Fundy 
coast. 

Wave  action  winnows  the  fine  sediment  and  con¬ 
centrates  coarser  sediment.  Clay  is  removed  from  the 
uppermost  cm  of  the  sediment  veneer.  Braided 
streams  crossing  the  sediment  veneers  also  erode  fine¬ 
grained  sediment  while  the  tide  recedes.  Clay  deposi¬ 
tion  occurs  at  the  high  water  line  by  a  process  similar 
to  that  described  by  Van  Straaten  and  Kuenen  (1958). 
Marine  invertebrates  are  almost  completely  absent  on 
wave-cut  benches. 

The  combination  of  braided  drainage  and  wave 
action  produces  the  following  combinations  of  pri¬ 
mary  structures:  lenticular  cross-stratification,  flutes, 
grooves,  current  lineation,  scoured  and  flat-topped 
current  and  oscillation  ripple  marks,  scoured  and  flat- 
topped  rhombic  interference  ripple  marks,  megarip- 
ples,  and  imbricated  boulders  and  cobbles. 

Estuarine  Clay  Flats — Estuarine  clay  flats  are  the 
large  areas  of  clay  and  accessory  silt  accumulation  in 
the  protected  mouths  of  rivers  where  vigorous  wave 
action  does  not  take  place.  Meandering  creeks  cross 
the  clay  flats,  but  shell  pavements  do  not  develop  be¬ 
cause  there  are  no  shells.  The  estuarine  clay  flats 
contain  a  large  molluscan  and  worm  fauna,  compared 


to  the  wave-cut  bench  sediments.  The  only  stratifica¬ 
tion  observed  in  these  sediments  is  color  changes 
from  brown  to  gray  and  black,  5  cm  below  the  top  of 
the  flats. 

Tidal  Flats  in  the  l.ec  of  Bedrock  Islands — The 
Five  Islands,  in  Colchester  County,  Nova  Scotia,  con¬ 
sist  of  Triassic  bedrock.  In  the  lee  of  these  islands 
stands  a  protected  intertidal  area  in  which  sediments 
somewhat  analagous  to  those  from  the  Wadden  Zee 
are  accumulating.  High  and  low  tidal  flats  are  recog¬ 
nized.  although  they  have  different  sedimentary  fea¬ 
tures.  The  high  tidal  flats  consist  of  narrow  fringes 
of  gravel,  sand,  and  silt.  These  areas  are  drained  by 
braided  streams  at  low  tide.  The  low  tidal  flats  are 
wider  and  consist  of  silt,  clay,  and  accessory  sand 
and  gravel.  These  low  tidal  flats  are  drained  by 
meandering  creeks  whose  channel  floors  consist  of  a 
lag  concentrate  of  coarse  sand,  gravel,  and  clam  shells 
which  lie  with  the  convex  side  up.  The  channel  floor 
lag  deposit  is  buried  by  finer-grained  sediments  of  an 
accreting  point  bar.  Cores  show  the  coarse  lag  con¬ 
centrate  underlying  fine  sediment  at  the  channel  depth 
(Klein,  1963a)! 

The  presence  of  coarse  sediment  is  the  only  distinc¬ 
tive  common  feature  of  the  Five  Islands  tidal  flats  and 
the  Wadden  Zee.  The  coarser  sediment  is  brought  in 
by  streams  which  erode  and  drain  the  bedrock  in  the 
surrounding  highlands,  and  finally  becomes  lag  con¬ 
centrate  on  the  channel  floor. 

Salt  Marshes — The  tidal  salt  marshes  of  the  Bay 
of  Fundy  have  been  described  adequately  by  John¬ 
son  (1925)  and  Goldthwait  (1924),  so  only  the  brief¬ 
est  summary  is  needed  here.  The  marshes,  drained  by 
meandering  creeks,  are  closely  associated  with  estu¬ 
arine  clay  flats  and  consist  of  a  surfici.nl  plant  veneer 
on  these  clayey  sediments. 

Other  Examples  of  Fundy-typc  Tidal  Flats 

Other  examples  of  Fundv-type  tidal  flats  are  rare. 
Bradley  (1957)  has  described  the  tidal  flats  along  the 
coast  of  Maine  and  indicated  many  similarities  to  the 
tidal  flats  of  the  Bay  of  Fundy.  Trcfethen  and  Dow 
(1960)  have  shown  that  the  ripple  marks  along  the 
Maine  tidal  flats  are  similar  to  the  variety  of  ripple 
marks  one  can  observe  on  the  Bay  of  Fundy. 

ANCIENT  TIDAL  FLAT  DEPOSITS 

Si  LIC  A  CLASTIC  COUNTERPARTS 

Ancient  counterparts  of  both  the  Wadden-typc  and 
Fundy-type  tidal  flats  are  not  common.  There  have 
been  only  a  few  examples  of  ancient  tidal  flat  deposits 
recorded  in  geological  literature,  and  they  all  resemble 
the  Waddcn-type  tidal  flats. 

A  classic  example  of  such  an  ancient  counterpart 
is  the  Psammites  du  Condroz  of  the  Upper  Devonian 
(Fammcnian)  age  of  Belgium.  The  Psammites  du 
Condroz  consist  of  interbedded  fine  sandstones  and 
shales.  Within  these  beds,  one  can  observe  thin  lami¬ 
nae,  current  and  oscillation  ripple  marks,  cross-strati¬ 
fication,  and  megaripples.  Macar  (1963)  and  Van 
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Straaten  (1954a)  described  washout  phenomena  and 
the  preservation  of  circular  erosion  remnants.  Dur¬ 
ing  Field  Trip  F.  (in  the  Psamtnites  du  Condroz)  of 
the  Sixth  International  Sedimentologicai  Congress 
(1963),  the  writer  observed  that  oscillation  ripple 
marks  were  refracted  around  the  muddy  areas,  con¬ 
firming  that  they  are  erosional  remnants,  and  also 
were  exposed  during  later  deposition  of  sandier  beds. 

Potter  and  Glass  (1958).  in  their  study  of  the 
Pennsylvanian  System  of  Williamson  County,  Illinois, 
also  recognized  tidal  fiat  phases  vC.'  '  ‘  spec 

trum  of  marginal  marine  sedimentary  rocks.  Their 
analysis  is  based  on  direct  comparison  of  primary 
structures  in  the  Dutch  Wadden  Zee  and  the  Psam- 
mites  du  Condroz. 

Allen  and  Tarlo  (1963)  report  an  ancient  counter¬ 
part  of  Wadden-type  tidal  flats  from  the  Lower  Devo¬ 
nian  of  the  Welsh  Borderland  of  England.  Their  inter¬ 
pretation  of  such  an  origin  for  these  rocks  came  from 
comparing  vertical  sequences  of  lithologies,  textures, 
and  primary  structures.  By  assuming  a  regression  of 
higher  tidal  flats  over  lower  tidal  flats  and  tidal  chan¬ 
nels.  they  reconstructed  a  vertical  column  which 
would  consist  of  basal  channel  deposits  grading  up¬ 
ward  into  well-sorted  sands  and  capped  by  muddy 
sands  with  silt  lenticles  and  burrows  (Evans.  1958). 
The  upper  flat  sediments  were  predominantly  ripple 
marked,  whereas  the  lower  flat  sediments  were  cross- 
stratified  sands  in  the  channel  fills  and  ripple-marked 
and  flat-bedded  sands  in  the  interchannel  flats.  Simi¬ 
lar  vertical  sequences  have  been  illustrated  by  Van 
Straaten  (1957)  and  more  recently  by  the  Sixth  In¬ 
ternational  Sedimentologicai  Congress  (1963).  The 
use  of  su'-h  profiles  makes  a  direct  comparison  pos¬ 
sible.  assuming,  of  course,  that  there  is  lateral  and 
regressive  sedimentation. 

No  counterparts  of  Fundv-type  tidal  flats  are  known. 
However,  it  is  possible  that  some  transgressive  marine 
sequences,  uncontonnably  overlying  alder  beds,  may 
have  been  formed  on  some  wave-cut  bench  tidal  flats. 

C  vrbonate  Counter  tarts 

Most  tidal  flats  and  ancient  counterparts  have  been 
described  from  environments  where  the  source  of 
clastic  sediment  was  outside  the  depositicnal  basin. 
Graham  Evans,  in  a  personal  communication,  rr- 
l>orted  to  this  writer  in  196J  that  recent  work  along 
the  Trucial  Coast  of  the  Persian  Gulf  has  shown  that 
broad  tidal  flats  are  common  in  areas  of  carbonate 
sedimentation.  Textural  changes  in  these  carbonate 
flat*  are  ■  milar  to  those  in  arras  of  siltcaclaslie  de¬ 
posits.  Hie  tidal  marsh  zone  a|i|>ears  to  be  replaced 
instead  by  broad  Sebklias  and  supra  tidal  areas  »n 
which  penecontemporaneous  dolomite  is  present!, 
being  formed  ( Deffcye*  ft  a/  .  1965:  Illmg  el  W . 
1965;  Shinn  ft  al .  I9fi5  i  The  writer  i  Klein.  1663b  i. 
describing  some  channeled  limestones  in  the  Middle 
Jurassic  Great  Oolite  Series  of  southern  England, 
indicated  that  they  may  represent  intertidal  tone 
channel  dqwwit*.  A  more  detailed  explanation  of  the 
channeled  limestone  follows 


Fig.  3  Mar  "f  south-central  Knghnd  showing  outcrop 
distribution  of  Great  Oolite  Series  (Middle  Jurassic). 

( Reproduced  by  permission  of  the  Society  of  Economic 
Paleontologists  and  Mineralogists.) 

The  Middle  Jurassic  Great  Oolite  Series  has  been 
the  object  of  extensive  paleontological  and  strati¬ 
graphic  study  (Arkell,  1933:  Arkc!!  and  Donovan. 
1952).  It  occurs  in  a  linear  outcrop  belt  which  passes 
through  north  and  central  Oxfordshire,  north  and 
central  Gloucestershire,  northwestern  Wiltshire,  and 
northern  Somersetshire  (Fig.  3).  The  Great  Oolite 
ranges  in  thickness  from  140  to  200  feet. 

Rapid  lateral  facies  changes  characterize  the  Great 
Oolite  Broadly,  these  facies  can  be  resolved  into  five 
lithological  types.  They  are  fl)  coarse-  to  medium- 
grained,  thick-  to  medium -bedded,  channeled,  oolitic, 
and  shelly  limestones  ("channel  limestones”);  (2) 
fine-grained,  even-bedded,  oolitic,  fossiiiferous  lime¬ 
stone  ("flat-bedded  limestone");  (3)  fine-grained, 
evtn-bedded.  thin-bedded  recrystallired  limestone;  (4) 
black  and  olive  claystone  and  siltstone:  and  (5) 
quartznse  sandstone.  Stratigraphically.  the  "channel 
limestones"  include  the  Wychwood  Beds,  Kemble 
Beds,  Acton  Turville  Beds.  Bath  Oolite  and  Lower 
Rags.  Hens  Cliff  Oolite.  Tayntno  Stone,  Chipping 
Norton  Limestone,  and  Farmington  Oolite  Member 
of  the  Stones  field  Slate. 

The  "channel  iimestones”  are  characterized  bv  chan¬ 
nel  sets  which  average  ahout  3  feet  in  thickness,  al- 
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Fig  4  Ventral  profile  <4  thaimrltd  limettanr.  Great 
Oolite  Series  <  Middle  Jurassic )  showing  inferred  bed 
forms,  drt»wrtii«ial  mrirrnrnmts.  and  flow  regime.  <  Rr- 
pmlurtd  br  prmttsMun  4  the  Sorrrtjr  of  Komaut  Pafe- 
oMoiogttts  and  Mineralogist*  ) 
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though  they  range  from  1  foot  to  1 2  feet.  The  depth 
of  channeling  ranges  from  3  inches  to  12  feet 

Within  each  channel  set  as  Figure  4  shows,  is  a 
definite  vertical  sequence  of  lithologies,  primary  struc¬ 
tures,  and  textures.  At  the  base  of  each  channel  set 
is  a  concentration  of  imbricated,  disarticulated  shells 
of  brachiopods,  clams,  oysters,  oriented  echinoid 
spines,  algal  chips,  and  day  chips.  These  shdly  lime¬ 
stones  arc  found  at  the  base,  anJ  were  observed  to 
overlie  the  undulating  surface  which  defined  the  base 
of  each  chanru.!  "Ct.  This  shelly  limestone  tone  is 
overlain  by  thick  (1  to  11  feet),  shelly,  oolitic  lime¬ 
stones.  The  limestones  are  planar  and  lenticularly 
cross-stratified  into  ?-foot  and  3-foot  sets.  The  sur¬ 
faces  of  some  of  these  cross-strata  show  current  line- 
ation  if  the  limestone  contains  IS  to  25  percent  detrital 
quarts. 

The  individual  cross-strata  are  thin-graded  beds 
(1  to  iy$  inches  thick),  and  consist  of  a  basal  shelly 
zone  overlain  by  oolitic  limestone.  The  ooids  are  as 
large  as  1  l/i  mm  at  the  hue  of  the  stratum  and  be¬ 
come  progressivdy  finer  in  particle  size  (%  mm)  at 
die  top  of  the  stratum.  The  oolitic  zone  is  overlain 
by  another  graded  layer. 

Outcrop  study  has  shown  that  the  particle  size  of 
the  layer  of  shells  becomes  coarse  and  thickens  to¬ 
wards  the  base  of  the  cross-stratified  set.  In  the  up- 
dip  direction  of  a  cross-stratum  face,  the  shelly  base 
of  the  graded  layer  tapers  to  a  knife  edge  and  dis¬ 
appears.  Furthermore,  the  graded  oolitic  layers  are 
found  to  channel  into  the  underlying  shell  chips.  The 
shell-chip  layer,  however,  does  not  always  channel  into 
the  oolite  layer:  it  is  sometimes  mixed  with  fine¬ 
grained  oolite.  Thus,  what  on  first  observation  ap¬ 
pears  to  be  a  reduction  in  particle  size  from  coarse 
shelly  material  to  fine-grained  oolite  is  in  fact  an 
alternating  couplet  of  graded  oolite  and  shell  chips. 
This  alternation  of  ool  tes  and  shell  chips  is  deposited 
by  a  combination  of  current  flow  and  foreset  ava¬ 
lanching  (Klein.  1965). 

The  thick -brlded.  cross-stratified  tone  is  overbm 
by  finer-grained  oolitic  limestone  which  is  cither 
wavy  bedded  or  ripple marked.  Excavation  of  these 
beds  in  quarries  shows  that  the  wav*  bed-Vd  lime- 
**ooe  represents  nothing  more  than  limestone  w  ith 
surfaces  covered  by  interference  ripple*  This  lime¬ 
stone  grades  upward  into  fine  grained  limestone  or 
olive  rbv  stone  I’sualtv.  the  entire  sequence  is  chan¬ 
neled  by  a  second  ilown  cutting  set  oi  channeled  lime 
stone 

In  an  earlier  paper,  the  writer  iKlem.  i9f*\h>  con 
eluded  that  the  channeled  limcsheves  were  tidal  m  oft 
gin .  this  coneluviei  was  based  on  a  comparison 
of  tntma!  am!  u  a1  upward  change*  in  primary 
structures  within  similar  channeled  vw»i»n  in  'h* 
t*c  rocks  deposited  in  (timal.  estuarine  and  tidal  en¬ 
vironment*  A  comparison  of  lag  concentrates  elimi¬ 
nated  fluvial  sedimrntt  front  considrratinn.  hecaitsc 
flu'ia!  beds  onlain  clav  chips  and  plant  «tcm  bg  c<«* 
emirates  The  assumption  of  marine  origin  is  logical 
because  thr  shell*  linmg  the  have  of  the  channel  sets 


are  marine  fossils.  '  ■  estuarine  origin  cannot  be  con¬ 
sidered  because  of  the  great  variety  of  fossils  in  the 
channel  sets  and  the  limited  number  of  marine  faunal 
species  in  estuaries  (Emery  and  Stevenson,  1957). 
Because  marine  channels  are  known  only  from  tidal 
channel  deposits,  the  conclusion  is  inescapable  that 
these  limestones  are  tidal  channel  sediments. 

What,  then,  is  the  significance  of  the  vertical  se¬ 
quence  of  primary  structures  in  the  limestones?  Re¬ 
cent  hydraulic  studies  in  alluvial  channels  by  Simons 
and  Richardson  ( 1961 )  have  shown  that  the  channel 
bed  form  is  controlled  by  the  Froude  number  and 
velocity  of  the  stream.  In  a  channel  regime  which 
is  laterally  sedimented,  flow  intensities  tend  to  be 
highly  variable  and  vertically  zoned.  Ripples  tend  to 
form  in  a  lower-intens  ly  lower-flow  regime,  whereas 
dunes  (or  megaripplei)  tend  to  form  in  a  high- 
intensity  lower-flow  regime  Standing  waves  occur 
when  the  Froude  n  umber  exceeds  0.8,  and  character¬ 
ize  upper-flow  regime. 

Allen  (1963)  has  applied  this  distribution  of  verti¬ 
cal  velocity  and  flow  regime  to  infer  ‘hat  flow  reg:mcs 
and  bed  forms  in  older  sandstones  are  ancient.  In 
Figure  4.  a  similar  interpretation  of  environment,  bed 
form,  and  flow  regime  is  presented  for  the  channeled 
limestones.  The  cross-bedded  zone  represents  a  high- 
intensity  lower-flow  regime  formed  by  point-bar  de¬ 
posits  similar  to  those  which  wete  over  the  basal 
channel  bg  concentrates  in  the  tidal  channels  of  the 
Wadden  Zee  (Van  Straaten.  1952)  The  ripples  rep- 
'••sent  the  low-intensity  lower-flow  regime  which  one 
finds  in  the  upper  parts  of  a  point  bur  in  a  tidal  chan¬ 
nel  or  in  the  flats  ol  tltc  low  tidal  flat  environment. 
Obviously,  when  so  much  rippled  and  cross-stratified 
material  is  present,  the  entire  depositional  regime  ha* 
to  be  at  a  lower -now  level.  Lower-flow  regimes  imply 
low  vclocitic*.  according  lo  Simons  and  Richaidson 
( 1961V  Eros-,  this,  it  seems  that  the  rate  of  discharge 
(a  velocity  function)  i*  also  relatively  low.  The  tidal 
channel  environment  is  characterized  by  a  relatively 
low  discharge  at  low  title,  and.  ior  that  reason,  these 
channels  lend  to  he  narrow  and  shallow.  Conse¬ 
quently.  the  extent  of  downcutting,  which  is  con 
trolled  by  d:»chatge.  :*  also  small.  ( See  discharge 
formula  of  la-opold  anti  Maddoek.  1953  )  Therefore, 
these  tub!  Xannel*  do  not  cut  extensively  mto  the 
tinder!*  mg  sediment  and  are  probably  expending  most 
of  their  rrosne  energy  m  lateral  cutting  It  n  prob¬ 
ably  oe.ly  at  the  low  water  !»-vr|  that  tub!  channels 
represent  such  zones  of  sedimentation.  This  mteq-re 
tat;,«i  is  con.Vrmed  bv  the  tad  that  the  thickest  chan¬ 
nel*  in  the  flreat  Oolite  cut  mto  the  finer  grained 
limrstorves  winch  contain  thick  shell  Irnvrs  resembling 
shell  hanis  at  the  mb  tidal  and  lowest  tub!  flat  mar 
gm  i  Klein.  1965 1 

Ki  l  l  XT  F.STrUUNK  SFiHVtFXTS 

In  contrast  t«  the  flat  rmifanmcnl.  the  estu 
anne  en*  tronn-<— »  has  ran*  received  detailed  srdi- 
mentologtcal  anal*  sis  Many  studies  of  estuaries  were 
made  arv!  ujwtui :rcd  by  ’  .mers  md  Stevenson  i  1 9*7  I 
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and  Twcnhufel  (1932).  Although  some  preliminary 
studies  have  been  made,  details  wr  comparing  modern 
and  ancient  sequences  arc  lacking. 

Part  of  the  problem  centers  around  the  geological 
definition  of  an  estuary.  An  estuary  represents  that 
rone  where  salt  water  and  fresh  water  become  mixed, 
and  usually  the  mix:ng  takes  place  at  a  river  mouth, 
although  some  authors  '  i  .inery  and  Stevenson  1957  ) 
extend  their  definitions  to  include  arms  of  the  sea 
where  such  mixing  occurs.  The  physical  circulation 
system  of  an  estuary  generally  forms  a  salt  wedge  cir¬ 
culation  pattern  (Pritchard.  1952).  This  salt  wedge 
pattern  occurs  not  only  in  river  mouths,  but  also  in 
lagoons,  deltas,  tidal  channels,  and  salt  marsh  chan¬ 
nels.  For  that  reason  Kmery  and  Stevenson  (1957) 
pointed  out  that  these  environments  may  not  neces¬ 
sarily  be  mutually  exclusive.  Thus,  geologically,  the 
estuarine  environment  rqiresents  the  superimposition 
of  a  specific  circulation  plan  on  several  geologically 
distinct  environments.  The  problem  of  discrimination 
of  estuarine  environments  becomes  merged  with  the 
problem  o'  determining  the  other  environments  on 
which  an  estuarine  circulation  pattern  is  superim¬ 
posed 

The  discrimiia'ion  of  estuarine  environments  in 
deltas  lias  been  achieved  by  Fisk  (1961).  F«k  ei  at. 
{  1954).  (Tuilchcr  (  1963).  Shepard  (I960),  and  Scru- 
«on  i  19(4)  i  ;  the  sedimcntological  features  of  lagoons 
are  also  understood  (Rusnak.  19(0 ;  Phleger  and 
Kwing.  1962).  Therefore,  this  paper  emphasizes  the 
sediment ology  of  estuarine  river  mouths. 

There  are  few  sedimcntological  studies  of  river  es¬ 
tuaries.  Soilas  |18RJ)  presented  the  fi-st  study  of 
modern  sediments  after  his  investigation  of  the  Severn 
River  Kstuary  of  western  Kngland.  He  showed  that 
the  muds  came  mostly  from  an  oceanic  source  and 
were  brought  upstream  by  currents  at  flood  tide.  A 
seaward  source  was  confirmed  by  the  presence  of 
marine  organisms  in  the  muds.  He  also  showed  that 
scouring  oi  the  bottom  of  the  Severn  River  was 
negligible;  the  scoured  material  was  moved  upstTeani 
and  downstream  by  tidal  currents  At  low  tide,  how  ¬ 
ever.  the  scouring  at  the  bottom  of  the  ehanncl  was 
greater. 

In  his  study  of  cures  from  the  Severn.  Soilas  de¬ 
scribed  a  vertical  srquctKe  of  sediments;  the  gravels 
of  the  channel  floor  were  ovctlam  by  mixo*  sand  and 
mo<l  This  sequence  n  overlain  by  two  peat  horixons 
utter  bevldcd  with  clas  The  hidraulic  significance  of 
this  prohle  will  be  doc-issed  Iwlow  in  a  review  of  the 
Rhine  and  Meuve  I’.slu.  i 

list  or  FYsor  I  stMim  Stt>tvi«\T* 

1  stuaries  are  ci<nr»»i  m  the  irxwths  oi  the  rivets 
which  dram  into  the  llav  of  Fundv.  parttcularlv  the 
nsmrths  of  the  Annapolis,  Cornwallis.  Avon.  Salmon. 
PeMieodiac.  •  .aspwreau.  and  St  John  Rivers.  The 
Avne,  I  vluary  has  hem  Uwlied  by  Kindle  i|917). 
who  emphasized  the  iipstieatii  transport  and  mtgra 
lues  of  sand  tner.  the  Kay  of  Fundy 

In  connmctwwi  with  Undies  of  tidal  flats,  the  author 


also  examined  the  estuarine  sediments  of  the  Corn¬ 
wallis,  Ga.s|>ercau.  and  Avon  Riven  of  Nova  Scoti- 
These  rivers  are  characterized  by  hanks  consisting  al¬ 
most  entirely  of  silt  and  clay.  In  this  respect,  they  are 
similar  to  tin*  estuaries  in  F'rance  and  Madagascar 
descrilicd  by  < iuilcher  (1963).  During  low  water 
stages,  these  three  rivers  transport  silt  and  clay  from 
surrounding  highlands  into  the  Bay  of  Fundy.  It  is 
only  as  the  tide  turns  and  floods  that  the  silt  and  clay 
arc  partly  rctr.ans|x>rted  upstream.  At  high  water,  silt 
and  clay  settle  out,  primarily  because  the  velocity  of 
the  incoming  salt  wedge  is  reduced  to  almost  nothing. 
The  upstream  momentum  of  the  flow  and  the  tune  lag 
in  particle  settling  through  a  column  of  water  15  feet 
ucep  delays  mud  dqiosition.  As  the  tide  ebbs,  mud  is 
deposited  temporarily,  but  with  increasing  ebb  veloci¬ 
ties  any  mud  remaining  in  suspension  is  transported 
back  into  the  Bay  of  Fundy.  This  process  is  similar 
to  what  Van  Straaten  and  Kuenen  f  1958)  found  in 
tiilal  flats,  and  (iuilcher  i  19(x3)  in  Brittany  and 
Madagascar  estuaries. 

The  channel  floors  of  the  estuaries  are  covered  by 
sand.  This  sand  is  similar  in  mineral  composition 
texture,  and  color  to  the  sands  found  on  tidal  flats 
in  the  Minas  Basin.  This  physical  similarity  suggests 
that  tidal  currents  erode  these  tidal  flats  and  transport 
the  sand  to  estuary  mouths  where  the  incoming  flood 
currents  carry  it  hack  upstream.  In  the  lower  Avon 
Kstuary.  the  orientation  of  steep  faces  of  current  rip¬ 
ples  and  mcgaripples  is  upstream,  and  they  can  be 
seen  migrating  in  that  direction  during  rising  tide. 
Thu  orientation  and  migration  confirms  Kindle’s 
(1917  )  earlier  conclusion  that  the  sand  on  the  floor 
of  the  Avon  Kstuary  was  derived  from  tidal  flats 
flanking  estuarine  mouths. 

It  is  noteworthy  that  the  coarsest  debris  (sand)  is 
confined  to  the  channel  bottoms.  lateral  migration  of 
the  estmarie*  should  generate  a  vertical  sequence  of 
scdinwnts  consisting  of  chan:  "I  floor  sands  which  are 
rippled,  cross- stratified  and  overlain  by  silt  and  clay. 
Kxcavations  at  the  dock  site  in  Walton.  Hants  County. 
Nova  Ssnia.  show  that  such  a  profile  was  developed 
and  preserved  in  the  ptograding  wanks  of  these  estu¬ 
aries 

Ktttsr  snii  Mil's  I  stv.vRV 

Tile  most  drtailevl  rmalern  studv  oi  a  fluvial  estuary 
is  the  ib-vcrtption  5y  •  Rankers  and  Tcrwimft  i  19(4)) 
of  the  inshore  sediments  of  thr  Hanngvlirt.  one  of 
the  estuarine  arms  tin  Rhine  ami  Meuse  Rivrfs  in 
the  Netherlands  ‘Terwimh.  I96j>  Ths  Hanngvlirt 
iv  the  c-.*i  struct  net  vile  of  a  nvaior  vejwall  which  will 
separate  what  were  is»r  inshore  areas  from  tidal 
floods  l Hiring  excavation  of  the  site,  several  vrrtsra! 
cv»(v  were  qwrsrd  into  the  i»*tor.i  loltmmls  of  this 
estuarv 

The  sed-mmls  »t  the  llarmgvliet  are  predominantly 
ursd  with  sul»»rvl>nate  quan.itsrs  of  clay  pebbles  and 
clav  lamina^  These  seilimmts  are  cross  stratified. 
nppJcd.  and  graded  from  g*avel  *;re  at  the  hate  of 
an  estuarme  nsrccssK*  to  sdt  and  day  at  the  tn,> 
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Sand  found  in  the  intervening  zone  shows  a  vertical 
decrease  in  particle  size  from  coarse  sand  at  the  base 
to  fine  sand  at  the  top. 

These  sediments  and  primary  structures  are  ar¬ 
ranged  in  a  definite  vertical  sequence.  From  the  base 
upward,  the  succession  consists  of  a  coarse,  clay-peb¬ 
ble  mixture  within  which  are  shells  of  marine  bryozoa, 
foraminifera,  mussels,  echinoid  spines,  and  peat  lumps 
(Terwindt,  1963).  These  are  overlain  by  cross-strati¬ 
fied  sands.  The  orientation  of  the  cross-stratification 
is  upstream,  suggesting  that  maximum  erosion  and 
sand  deposition  take  place  during  flood  tide  (Oom¬ 
kens  and  Terwindt,  i960).  This  deduction  is  con¬ 
firmed  by  current  velocity  data,  which  show  ‘hat  at 
flood  tide,  velocities  of  70  to  80  cm/sec  are  observed, 
whereas  at  ebb  tide,  velocities  do  not  exceed  44  cm/sec 
(Oomkens  and  Terwindt,  1960) 

The  cross-stratified  coarse  sands  are  overlain  by 
thin-bedded,  even-bedded,  rippled,  finer  grained  sands 
In  the  upper  part  of  these  rippled  sands,  one  finds 
interbedded  clay  laminae,  which  Oomkens  and  Ter¬ 
windt  (1960)  attributed  to  deposition  at  slack  water 
during  rising  and  falling  tides  ;  the  clay  was  deposited 
in  the  same  way  as  in  the  Wadden  Zei  tidal  flats 
(Van  Straaten  and  Kuenen,  1958). 

The  significance  of  this  vertical  sequence  of  tex¬ 
tures  and  structures  was  related  to  "rapid”  lateral 
migration  of  the  Haringvliet  by  Oomkens  and  Ter¬ 
windt  (1960).  This  lateral  migration  characterizes 
not  only  estuarine  are:  such  as  the  Haringvliet,  but 
also  tidal  channels  and  meandering  rivers  (Klein, 
1963b).  Each  of  these  generates  a  similar  vertical 
profile  of  primary  structures  and  textures  (Allen, 
1963).  Simons  and  Richardson  (1961)  showed  that 
primary  structures  such  as  flat  bedding,  ripples,  and 
cross-stratification  reflect  the  nature  of  the  bed  form 
of  the  depositional  surface.  This,  in  turn,  is  controlled 
by  the  Froude  number,  a  ratio  of  fluid  velocity  to 
depth,  and  the  constant  of  gravitational  acceleration. 
At  low  velocities,  the  bed  form  tends  to  be  flat  and 
correspondingly,  one  would  expect  thin  laminae  to 
result.  As  velocities  increase,  the  bed  form  tends  to 
become  rippled  and  the  internal  lamination  becomes 
ripple  stratification.  As  velocities  increase,  the  bed 
form  becomes  large-scale  ripples  or  megaripples 
(called  dunes  by  Simons  and  Richardson,  1961)  and 
cross-stratification  is  developed  internally.  As  the 
velocities  increase  and  the  Froude  number  exceeds 
0.8,  the  entire  bed  form  is  changed  to  flat  beds  and 
standing  waves.  With  increased  velocities,  antidunes 
are  formed.  Two  flow  regimes  characterize  this  se¬ 
ries,  a  lower-flow  regime  where  the  Froude  number 
is  less  than  0.8,  in  which  ripples  and  dunes  are  the 
predominant  bed  form,  and  an  upper-flow  regime, 
where  the  Froude  number  exceeds  0.8  and  standing 
waves  and  antidunes  develop. 

Oomkens  and  Terwindt’s  (1960)  vertical  sequence 
can  now  be  interpreted  hydraulically.  The  channel 
lag  concentrate  of  clay  pebbles,  marine  shells,  and 
peat  ch;  >s  represents  an  upper-flow  regime  which 
eroded  one  of  the  banks  of  the  Haringvliet.  The 


cross-stratified  sands  must  represent  preserved  rem¬ 
nants  of  a  dune  bed  form,  suggesting  a  lower-flow 
regime  with  higher  velocity.  The  flat-bedded  and  rip¬ 
pled  zone  must  represent  a  lower-flow  regime  with 
lower  velocity.  Such  a  sequence  (Fig.  4)  character¬ 
izes  all  rivers,  estuaries,  and  tidal  channels.  The 
high-velocity  lower-flow  regime  represents  the  fore¬ 
slope  of  a  migrating  point  bar  which  buries  the  chan¬ 
nel  lag  concentrate,  and  the  low-velocity  lower-flow 
regime  characterizes  estuarine  conditions  during  slack 
periods.  This  hydraulic  framework  is  also  applicable 
to  the  vertical  profile  of  the  Severn  and  the  estuaries 
of  the  Hay  of  Fundy  (Sollas,  1883). 

If  these  vertical  sequences  of  primary  structures 
and  texture  characterize  migrating  estuarine,  fluvial, 
and  tidal  channel  sedimentation,  how  can  one  recog¬ 
nize  them?  The  writer  (Klein,  1963b)  suggested  that 
in  clastic  sequences,  the  only  way  to  distinguish  be¬ 
tween  them  is  by  a  comparison  of  channel  lag  con¬ 
centrates.  Tidal  channel  deposits  are  floored  almost 
exclusively  by  shell  lag  concentrates.  Estuarine  chan¬ 
nels  appear  to  be  floored  by  a  mixture  of  both,  or  by 
clay  chips  (Oomkens  and  Terwindt,  1960).  Fiuvial 
channels  are  floored  by  gravel,  clay  pebbles,  and  logs. 
A  comparison  of  >  uch  vertical  sequences  should  make 
it  possible  to  identify  the  estuarine  sediments  of  the 
geoh  giral  past. 

A  .VC  I  ENT  ESTUARINE  SEDIMENTARY 
ROCKS 

Recognition  of  ancient  estuarine  sediments  has  been 
limited  to  a  few  stratigraphic  sequences.  Most  of 
these,  such  as  the  Middle  Jurassic  of  Great  Britain 
(Arkell,  1933),  were  recognized  as  estuarine  because 
of  their  limited  fauna  and  their  dark  clay  content. 

Although  proven  estuarine  deposits  of  the  past  are 
few  in  number,  several  stratigraphic  sequences  con¬ 
tain  estuarine  elements.  Recent  studies  by  Williams 
(1960)  and  Degens  cl  at.  (1957,  1958)  suggested  that 
estuarine  beds  occur  in  the  Lower  Pennsylvanian  Coal 
Measures  (Pottsville  and  Allegheny  Groups)  of  the 
Allegheny  Plateau.  By  analyzing  the  types  of  fossils 
occurring  in  shales  overlying  coal  seams,  Williams 
(1960)  recognized  that  their  geographic  faunal  dis¬ 
tribution  was  environmentally  controlled.  Along  the 
Allegheny  Front,  restricted  marine  and  nearshore  fos¬ 
sils  (phosphatic  brachiopods  and  pectinids)  occur  in 
shales  overlying  the  Lower  Clarion,  Upper  Clarion, 
Lower  Kittanning,  and  Middle  Kittanning  Coals. 
Some  of  the  beds  represent  estuarine  conditions,  al¬ 
though  more  detailed  pateoecological  discrimination 
was  not  possible. 

Wo,  king  with  a  related  suite  of  samples  from  the 
same  Coal  Measures,  Degens  ct  al.  (1957,  1958)  tried 
to  determine  marine,  marginal  marine,  and  non-marine 
shales  by  analyzing  the  distributions  of  trace  elements 
within  clay  minerals.  They  defined  these  three  broad 
environments  paleontologically  and  then  showed  that 
marine  clays  were  high  in  1  Kir  on,  whereas  freshwater 
clay  minerals  were  high  in  gallium  and  tin  (Degens 
ct  al.,  1957).  Their  transitional  “zone  of  no  decision", 
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Fig.  5.  Repeated  vertical  sequences  of  channel  lag  con¬ 
centrates,  cross-stratified  sandstones,  and  ripple -stratified 
sandstones.  Berea  Sandstone,  North  Wall,  Buckeye 
Quarry,  South  Amherst,  Lorain  County,  Ohio.  Each  bed 
represents  such  a  vertical  sequence. 

passing  through  the  rhubidiuni  pole  of  their  galiium- 
boron-rhubidium  diagram,  might  indicate  the  presence 
of  estuarine  and  brackish  sedimentary  rocks. 

A  second  sedimentary  rock  sequence  that  may  con¬ 
tain  estuarine  sediments  is  the  Mississippi  Lerea 
Sandstone  of  northern  and  central  Ohio.  In  a  detailed 
study,  Pepper  el  al.  (1954)  showed  that  the  Berea 
Sandstone  was  dqmsited  in  a  channel  regime.  In 


Fig.  6.  Close-up  of  layer  in  Berta  Sandstone  thowing 
related  cross-stratified  sandstone  and  ripple -stratified 
sandstone.  South  Wall,  Buckeye  Quarry,  South  Amherst, 
Lorain  County,  Ohio. 


Fig  7.  Vertical  profiles  of  chann>  I  floor  lag  concen¬ 
trate,  thick-bedded,  cross-stratified  sandstone,  and  thinly- 
laminated,  ripple-stratified  sandstone.  Berea  Sandstone, 
Nichol  Quarry,  Kipton,  Lorain  County.  Ohi*. 

part  of  this  sequence  the  channel  sands  indicate  del¬ 
taic  distributaries  in  northern  Ohio. 

A  close  examination  of  vertical  faces  in  quarries 
and  road  cuts  (Pepper  el  al.,  1954)  shows  a  great 
similarity  between  them  and  the  vertical  sequences  of 
the  Haringvliet  described  by  Oomkens  and  Terwindt 
(I960).  In  fact.  Pepper  el  al.  (1954)  pointed  out 
rqteatedlv  that  the  Berea  Sandstone  is  characterized 
by  a  vertical  sequence  of  basal  clay  pebble  conglomer¬ 
ates.  overlain  by  cross-stratified  sand  and  capped  with 
a  flat-bedded  zone  of  rippled  sandstone  (Figs.  5,  6, 
7).  An  examination  of  the  paleogeographic  maps  of 
Pepper  el  al.  (1954)  also  shows  that  the  Berea  Sand¬ 
stone  of  central  and  northern  Ohio  was  part  of  r 
deltaic  distributary  system  close  to  the  mouth  of  an 
inferred  delta.  Thus,  the  Berea  Sandstone  of  that 
area  probably  represents  estuarine  distributaries  sub¬ 
jected  to  salt  wedge  influxes. 

Another  example  of  an  estuarine  sedimentary  rock 
is  the  Holdgate  Sandstone  of  I-ower  Devonian  age, 
found  in  the  Welsh  Borderland  of  England  (Allen 
and  Tarlo.  1963).  Tidal  influx  into  a  river  system 
was  postulated  from  siltstone  intercalations,  animal 
burrows,  and  calcareous  concretions. 

The  Middle  Jurassic  ('treat  Estuarine  Series  of 
western  Scotland  was  considered  estuarine  by  many 
workers  (Arkell,  1933).  Equivalents  occur  in  cen¬ 
tral  England  and  comprise  the  Upper  Estuarine  Se¬ 
ries  of  Lincolnshire.  Northamptonshire,  and  Rutland¬ 
shire  (Arkell,  I933L  Recent  work  by  Hudson  (1962, 
1963a,  b)  has  shown  that  the  fauna  of  the  Great 
Estuarine  Series  had  great  affinities  with  the  modern 
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moitaacan  fauna  of  the  lagoons  along  the  Texas  coast. 
From  these  paleontological  comparisons,  Hudson  con* 
chided  that  these  rocks  are  lagocnal,  not  fluvial- 
estuarine,  in  origin.  However,  Rusnak  (1960)  and 
Emery  and  Stevenson  (1957)  have  demonstrated  that 
an  estuarine  circulation  system  can  characterise  la¬ 
goons,  and  that,  therefore,  these  environments  aie  not 
nmtually  exclusive.  Furthermore,  many  lagoons  and 
bays  may  have  a  seasonal  estuarine  circulation  system 
(Van  Andel  and  Postma,  1954).  Thus,  the  Great  Es¬ 
tuarine  and  Upper  Estuarine  Series  of  Great  Britain 
may  represent  a  lagoona!  environment  on  which  es¬ 
tuarine  circulation  could  have  been  superimposed. 

ESTUARINE  SEDIMENTOLOGY  AND 
EVAPORITE  DEPOSITION 

Evaporite  deposition  is  controlled  by  estuarine  cir¬ 
culation.  In  the  previous  discussion  the  data  cited 
from  Recent  estuarine  sediments  were  confined  to 
areas  subjected  to  humid  climates.  Under  these  con¬ 
ditions,  upstream  and  downstream  shifts  of  salt  water 
can  be  observed. 

Chemical  analysis  of  evaporite  precipitation  (Ussig- 
lio,  1849a,  b;  Van’t  Hoff  and  Wcigcrt,  1901)  has 
shown  that  to  deposit  gypsum,  four-fifths  of  the  origi¬ 
nal  volume  of  rea  water  must  be  evaporated  and  that 
to  deposit  halite,  nine-tenths  of  the  original  volume  of 
sea  water  must  be  evaporated.  Considering  the  large 
volume  of  gypsum  and  salt  deposits  throughout  the 
world,  the  assumption  is  that  a  considerable  volume 
of  ocean  water  has  been  evaporated.  All  these  salt 
deposits  are  interbedded  and  interfingered  with  shal¬ 
low  marine  sediments,  so.  obviously,  gypsum  and  salt 
precipitation  took  place  in  coastal  environments  in 
the  geological  past. 

Scruton  (195.1)  argued  that  the  only  way  thick 
sliallow-Mater  evapor,trs  can  form  is  by  imposing  an 
estuarine  circulation  system  on  an  area  flanked  by 
broad  lagoons  and  tidal  flats.  Such  an  area  must 
occur  in  an  arid  climate  because  tidal  influxes  of 
oceanic  salt  water  renew  the  supply  of  water  from 
which  salt  can  be  precipitated.  Morris  and  Dickey 
(1957)  have  described  such  an  estuary  from  the 
Roeana  ile  Virrila  of  northwestern  Peru.  The  tidal 
influx  of  salt  water  renews  the  '.-;pply  of  potentially 
precipitahle  salts.  As  this  water  surges  upstream,  part 
of  it  is  evaporated,  its  density  increases,  gypsum  and. 
farther  inland,  liable  precipitate.  A  corresponding 
increase  in  ppm  of  potassium,  sodium,  and  magnesium 
is  observed.  Tlie  calcium  concentration  increases  up 
to  tlie  central  pact  of  this  estuary  ami  then  decreases 
upstream  because  gypsum  has  precipitated  i'  Morris 
and  Dickey.  1957  i 

Salt  dejiosils  arc  extensive  in  tlie  Silurian  rocks  of 
Michigan.  Ohm.  and  New  York,  the  Permian  of  West 
Texas  and  Russia,  ami  the  Middle  Jurassic  of  Wyo¬ 
ming.  Hr;ggs  i  1958)  observed  lateral  variations  in  the 
types  cl  salt  that  occur  in  the  Silurian  of  the  Michi¬ 
gan  Basin  and  established  a  depositional  model  com¬ 
bining  Scrutnn'*  (1953)  c.rculation  system  and  the 


order  of  precipitation  of  salt  minerals  (Ussiglio. 
1849a,  b).  Using  these  data,  he  concluded  that  the 
Michigan  Basin  was  subjected  to  estuarine  influxes 
of  salt  water  from  southern  Ohio  and  south  central 
Ontario  during  late  Silurian  time.  No  other  salt  se¬ 
quences  have  been  studied  using  this  combined  ap¬ 
proach. 

CONCLUSIONS 

Tidal  flat  sedimentation  can  occur  along  soft-sedi¬ 
ment  coasts  and  along  bedrock  coasts.  Each  of  these 
areas  generates  its  own  sequence  of  sediments  and 
environments.  These  two  types  of  tidal  flat  are  desig¬ 
nated  by  the  author  as  Wadden-ty|>»*  and  I''undy-type, 
respectively. 

Ancient  tidal  flat  deposits  have  been  descrilied  from 
the  Upper  Devonian  of  Belgium,  the  I-ower  Devo¬ 
nian  of  England,  and  the  Pennsylvanian  of  Illinois. 
Carbonate  tidal  flat  sediments  occur  in  the  Middle 
Jurassic  rocks  of  England. 

Estuarine  sedimentation  is  dominated  by  a  circula¬ 
tion  plan  involving  the  influx  of  a  salt  wedge  during 
high  tide  and  the  retreat  i  f  such  a  salt  wedge  during 
low  tide.  This  pattern  is  superimposed  on  tidal  chan¬ 
nel,  tidal  marsh,  lagoon,  river,  and  deltaic  eto'iron- 
ments.  River  estuaries  are  characterized  by  sedi¬ 
mentary  vertical  sequences  consisting  of  a  basal  !'g 
concentrate  of  clay  pebbles,  marine  shells,  and  peat 
fragments,  overiain  by  cross-stratified  sands  and 
capped  by  flat-bedded,  rippled  sands,  and  clay  lami¬ 
nae.  They  record  the  predominance  of  upi>cr-flow 
regime  during  hank  erosion  and  lower-flow  regime 
during  sediment  deposition. 

Ancient  counterparts  to  esiuaries  are  believed  to 
have  existed,  because  of  the  studies  of  the  Coal  Meas¬ 
ures  of  Pennsylvania  and  the  Rerea  Sandstone  of 
Ohio.  The  Middle  Jurassic  Great  Estuarine  Series  of 
Scotland  and  England  represent  lagoona!  environ¬ 
ments  on  which  an  estuarine  circulation  system  may 
have  been  imposed.  Deposition  of  evapontes  in  the 
geological  past  took  place  in  mixed  shallow  marine 
environments  and  required  an  estuarine  circulation 
system  in  an  arid  climate  to  supply  continuously  the 
large  volume  oi  water  from  which  salt  was  precipi¬ 
tates!. 

.fufW*-  Sole  The  data  summarized  in  this  paper 
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work  in  the  Great  Oolite  Secies-  of  England  was  supp«.n»d 
by  two  grants  fnan  the  American  Philosophical  Society 
arid  a  gram  from  Sigma  Xi.  A  National  Science  Founda¬ 
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Contrasts  in  Coastal  Bay  Sediments  on  the  Gulf  and  Pacific  Coasts 

D.  S.  GORSLINE 

Department  of  Geology,  University  of  Southern  California,  Los  A‘  geles,  California 


The  terms  "bay",  “lagoon”,  and  “estuary"  have  un¬ 
fortunately  been  used  in  so  many  different  ways  that  it 
is  difficult  to  establish  precise  meanings.  As  an  ex¬ 
ample,  Mobile  Bay  is  a  classic  estuary ;  Florida  Bay 
is  a  lagoon  behind  a  fringing  reef ;  and  Apalachicola 
Bay  is  composed  of  a  true  estuary,  barrier  island  la¬ 
goon!.,  and  open  coastal  embayments.  The  term  estu¬ 
ary  implies  the  effect  of  tides  and  is  derived  from  the 
Latin  word  for  tide  (American  Geological  Institute, 
1957).  Thus,  an  estuary  is  an  indentation  in  a  coast 
in  which  tidal  circulations  meet  land  runoff  and  gen¬ 
erally  prevail  over  the  land  contributions.  Morpho¬ 
logically,  estuaries  are  generally  triangular  in  shape 
with  the  apex  inland  and  the  long  axis  oriented  nor¬ 
mal  to  the  trend  of  the  shore  and  parallel  to  the  re¬ 
gional  slope  of  the  land.  They  are  typically  the  broad 
mouths  of  river  valleys  which  have  been  drowned  by 
the  latest  advance  of  the  sea  upon  the  land.  The  estu¬ 
ary  is  a  relatively  transient  feature  geologically  and 
will  ultimately  be  filled  by  marsh,  tidal  flat,  and  deltaic 
deposits.  The  relative  length  of  any  one  estuary’s  life 
w  ill  be  determined  primarily  by  the  rate  at  which  sedi¬ 
ment  is  introduced  into  it,  either  front  terrestrial  or 
marine  sources.  Where  large  volumes  of  sediment  are 
introduced  by  streams,  estuaries  will  be  short-lived  or 
may  never  develop ;  and  the  typical  coastal  feature  will 
be  a  delta. 

General  coastal  configuration  is  a  factor,  since 
rugger!  coasts  typically  exhibit  narrow  shelves,  sea 
cliffs,  fiords,  or  rias.  Coastal  plains  are  fringed  by 
Imrrier  islands,  broad  estuaries,  by  deltas  and  their 
associated  forms,  and  typically  by  broad  shelves.  The 
two  main  t>pes  of  coasts  are  exemplified  in  the  United 
States  by  the  coastal  plains  of  the  Gulf  and  Atlantic 
Coasts  and  the  relatively  bluffed  coasts  of  the  Pacific. 
The  Florida  Peninsula  is  a  carbonate  plateau  and 
thus  differ-,  in  detail  from  both  of  the  other  major 
ty|>e>. 

PREVIOUS  RESEARCH 

(hiring  the  past  ten  years,  the  writer  and  various 
associates  liaxe  observed  shore  and  coastal  features  at 
many  localities  on  all  of  the  major  coast*.  These  have 
l>ecti  reported  in  several  papers  t  Emery  ft  at..  1957; 
t  lo.adcll  and  Gorslmc,  1961  ;  t  .or  si  me.  1957.  1963a.  b: 
Gordon-  and  Stewart,  19tJ ;  Koiocd  and  Gorsline. 
1963;  Stewart  ami  Gorslmc.  19621  which  have  been 
primarily  concerned  with  the  character  of  the  sedi¬ 
mentary  materials  in  the  Isays  and  estuaries  and  with 


the  morphology  of  the  bays.  Water  characterises 
and  circulation  have  been  examined  in  some  detail  in 
Florida  Bay  (Gorsline,  1963a,  b)  and  Apalachicola 
Bay  (Gorsline,  1963a)  in  Florida,  and  in  San  Quintin 
Bay  in  Baja  California  (Grady,  1965).  Numerous 
studies  by  other  workers  have  influenced  the  writer’s 
thoughts,  including  the  pioneering  work  of  Price 
(1954)  on  the  Gulf  Coast;  Shepard  (1953,  1960)  and 
Shepard  and  Moore  (1954)  in  the  Texas  bays,  Phle- 
ger  and  Ewing  (1962)  in  Mexican  coastal  areas; 
Emery  (1960),  Stevenson  and  Emery  (1958),  and 
Shepard  (1963a,  b)  on  the  Southern  California 
coasts;  Byrne  (1963)  in  Oregon;  Creager  (1963)  in 
Washington  and  Alaska;  and  such  foreign  workers 
as  Reineck  (1956a,  b)  and  Evans  (1959).  A  number 
of  excellent  recent  studies  on  sea-level  changes  include 
the  discussions  of  Curray  (1961),  Macfarlan  (1961), 
Shepard  (1963a,  b),  Kaye  and  Barghoom  (1964), 
Bloom  1 1963),  and  Russell  (1963).  More  theoretical 
considerations  of  interest  include  Tanner’s  discussions 
of  shoal  formation  ( 1960,  1961 )  and  general  coastal 
classification  (1960).  Erosion-deposition  studies  by 
Jordan  ( 1963)  and  his  map  of  areas  of  net  cut  and 
fill  in  parts  of  Chesapeake  Bay  are  examples  of 
tyjies  of  work  that  should  be  carried  out  in  all  areas. 

GENERAL  CONCEPTS 

A  discussion  of  coastal  features  must  inevitably 
begin  with  a  consideration  of  the  recent  history  of 
the  coasts.  This  leads  to  the  question  of  changes  of 
sea  level  over  the  past  few  thousands  of  years.  Al¬ 
though  some  writers  postulate  a  recent  higher  stand 
of  the  sea  (Fairbridge,  1961),  the  prevailing  opinion 
now  seems  to  be  in  favor  of  a  relatively  rapid  rise 
from  aiiout  100  meters  below  the  present  level  com¬ 
mencing  around  17.000  years  n  r.  and  reaching  a 
level  three  to  five  meters  below  present  datum  about 
6.000  years  a  r  ,  alter  which  tlx-  sea  rose  slowly  to 
its  present  level  aUwt  2,000  years  ago  and  may  still 
!>e  slowly  rising.  This  last  portion  of  the  cycle  is  a 
point  of  conjecture  and  much  has  been  written  con¬ 
cerning  the  problems  of  deciphering  the  record  (Kaye 
ami  Barghoom.  1964;  Bloom.  1963).  It  seems  un¬ 
likely  at  present  that  levels  have  ever  been  above  the 
present  datum  during  the  present  cycle  nr  since  some- 
limig  more  than  30.000  years  *r.  (Curray.  1961; 
Macfarlan.  1961 ;  Shepard.  I960,  1963a.  bL  Work 
on  slvore  ami  coastal  features  in  areas  adjacent  to  the 
Mississippi  Delta  t  Gould  and  Macfarlan.  1959;  Byrne 
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et  ai.,  1959)  and  in  the  southern  Gulf  Coast  of  Florida 
(Scholl,  1963),  as  well  as  field  evidence  from  central 
Baja  California  hays  (Gorsline  and  Stewart,  1962  >, 
support  this  contention  and  moreover  argue  that  the 
present  aspect  of  these  shores  is  the  product  of  the 
last  cycle  of  rising  sea  level.  Pilkey  and  Gorsline 
(1961).  in  a  study  of  sedimentary  structures  in  the 
Apalachicola  Bay  area,  found  evidence  which  sug¬ 
gests  that  much  of  that  area  is  of  quite  recent  de¬ 
velopment.  Stewart  and  Gorsline  (1962)  have  noted 
that  the  pattern  of  earlier  Apalachicola  sedimentation 
may  have  been  to  the  west  into  the  present  St.  Joseph 
Bay,  rather  than  to  the  south  as  at  present. 

Phleger  and  Ewing  (1962)  present  convincing  evi¬ 
dence  for  a  recent  age  for  the  coastal  features  along 
the  southern  shore  of  Sebastian  Viscaino  Bay  in  Baja 
California.  Byrne  (1963)  has  examined  the  Oregon 
coastal  features  and  notes  that  changes  can  be  very 
rapid  along  these  bluff  cliffed  shores.  Similar  conclu¬ 
sions  can  be  drawn  from  the  other  papers  on  this 
subject  in  this  volume. 

The  writer,  therefore,  would  suggest  that  a  first 
general  concept  is  that  all  present  major  coastal  fea¬ 
tures  are  no  older  than  Recent  and  more  specifically 
have  been  molded  predominantly  by  processes  operat¬ 
ing  over  the  past  6,000  years.  In  many  areas,  this 
period  may  be  less  than  3,000  years.  It  is  accepted 
that  many  individual  features  and  structures  are  un¬ 
doubtedly  older  and  the  materials  and  surfaces  being 
reworked  are  also  much  older,  but  the  general  present 
configuration  must  certainly  be  the  product  of  very 
recent  time. 

Turning  to  the  question  of  the  origin  of  the  em- 
bayments  on  the  various  coasts,  an  examination  of 
•mall-scale  maps  of  individual  bays  and  estuaries  from 
many  parts  of  the  North  American  coastline  impresses 
one  that  the  large  reentrants  in  the  shores  of  the 
coastal  plains  are  invariably  oriented  with  their  major 
axes  roughly  perpendicular  to  the  shore  and  generally 
parallel  to  the  regional  slope  of  the  coastal  plain  sur¬ 
faces.  In  other  words,  the  inner  portions  of  the  larger 
embayments  have  the  roughly  triangular  outline  as¬ 
sociated  with  the  classic  estuarine  form.  The  shore 
faces  of  all  these  are  often  much  modified  by  parallel 
belts  of  barrier  islands  ami  lagoons,  which  in  turn 
front  older  series  of  filled  lagoons,  marshes,  and 
parallel  lines  of  older  bench  ridges.  Thus,  the  typical 
targe  emhayments  have  two  quite  different  parts:  a 
coastal  lagoon  ami  harrier  island  lone,  and  an  inner 
estuary  receiving  the  waters  of  none  to  several 
streams  depending  on  climate  and  stream  shifting.  In 
the  western  Gulf  of  Mexico  ami  parts  of  Southern 
and  Baja  California,  the  climate  has  apparently 
changed  sufficiently  in  relatively  recent  time  that  the 
streams  entering  the  heads  of  the  estuaries  arc  now- 
much  smaller  during  much  of  the  year  than  the  val¬ 
leys  they  occupy.  In  some  instances  in  the  Baja  Cali¬ 
fornia  area,  the  streams  no  longer  flow  except  in 
years  of  exceptionally  high  rainfall. 

Most  estuaries  can  be  described  as  features  pro¬ 


duced  by  submergence  in  which  tidal  currents  pre¬ 
dominate  over  stream  flow.  This  has  been  postulated 
by  many  workers  including  Johnson  (1919),  although 
the  development  of  the  submerged  forms  is  probably 
quite  different  from  his  original  evolutionary  se¬ 
quence.  It  is  obvious  that  in  those  instances  where 
stream  action  is  dominant,  the  fluvial  sediments  will 
fill  the  submerged  reentrant  and  then  prograde  the 
shore  by  deltaic  sedimentation.  The  fact  that  many 
large  estuaries  are  fronted  by  barrier  islands  anil 
lagoons  is  also  evidence  of  the  dominance  of  the 
marine  agents.  Apalachicola  Bay  on  the  Florida  Pan¬ 
handle  Coast  is  an  example  of  an  area  that  was  prob¬ 
ably  essentially  deltaic  in  a  previous  cycle  and  i«  row 
predominantly  estuarine  and  has  many  coastal  lagoons, 
thus  indicating  that  the  capacity  of  its  river  has 
changed  markedly  either  because  of  change  in  grade 
or  change  in  the  drainage  area. 

This  leads  us  to  a  second  general  concept  that  the 
existence  of  the  estuarine  environment  and  its  attend¬ 
ant  coastal  lagoons  and  barriers  is  a  product  of  rela¬ 
tively  small  supply  of  local  stream-borne  materials  and 
the  dominance  of  marine  agents  of  transport  of  sedi¬ 
ment  from  coastal  or  nearshore  sources. 

Circulation  in  most  of  these  embayments  is  typically 
of  the  classic  estuarine  form  with  freshwater  and  salt¬ 
water  wedges  interacting  to  form  the  great  contrasts 
in  salinity  typical  of  estuaries,  and  with  tidal  currents 
acting  as  the  principal  agent  of  transport.  In  a  very 
shallow  estuary  on  the  Florida  Coast,  the  intrusion  of 
the  tidal  wedge  is  a  lateral  phenomenon  rather  than 
an  underflow,  and  it  is  likely  that  a  similar  system 
may  be  present  in  other  equally  shallow  embayments 
(less  than  3  meters  deep).  Pritchard  and  others  have 
ably  described  these  mechanisms  of  exchange  in  other 
parts  of  this  volume;  Phleger  and  Ewing  (  1962)  have 
also  noted  that  the  lag  in  time  of  the  tidal  stages  in 
different  parts  of  estuarine  systems,  as  a  result  of 
topographic  effects  and  bottom  friction,  produces  a 
mechanism  which  can  govern  the  number  and  location 
of  inlets  into  the  system  and  will  probably  also  deter¬ 
mine  the  positions  of  loci  of  erosion  or  deposition. 
The  writer  f  Gorsline.  1963b)  has  employed  this  prin¬ 
ciple  in  explaining  the  present  configuration  of  deposi¬ 
tion  in  Florida  Bay.  with  the  added  factor  of  inlets 
which  are  fixed  in  position  by  the  limestone  masses  of 
the  raised  reefs  which  form  that  bay’s  seaward  bound¬ 
ary.  This  modification  produces  a  static  hay  floor 
topography,  while  the  shifting  inlets  of  detrita!  hays 
allow  for  a  constantly  shifting  bay  floor  topography. 
That  embayments  are  sensitive  to  changes  in  the  vol¬ 
ume  of  water  enclosed  by  the  bay  is  evident  in  the  few 
studies  of  change  in  bay  bathymetry  which  have  been 
compiled  (Jordan.  1963).  An  unpublished  study  of 
the  effect  of  rutting  an  artificial  inlet  in  the  harrier 
enclosing  St.  Andrews  Bay,  Florida,  by  T  L.  Hopkins 
ami  R.  A,  Waller  of  Florida  State  fniversity,  re¬ 
vealed  that  the  bay  floor  topograph,  underwent  marked 
changes  as  the  hay  reacted  to  the  new  inlet.  The 
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older  natural  inlet  filled  up  rapidly  and  the  positions 
of  shoals  changed  in  the  central  bay. 

Gorsline  and  Stewart  (1962)  have  noted  that  the 
sediment  volume  deposited  in  San  Quintin  Bay,  Baja 
California,  is  as  much  as  the  amount  that  has  pi  od- 
ably  been  eroded  by  wave  attack  on  the  open  shore 
adjacent  to  the  bay  during  the  rise  in  sea  level  over 
the  past  few  thousand  years.  A  comparison  of  old 
and  recent  charts  for  that  bay  also  demonstrated  the 
shifting  that  takes  place  in  the  channels  and  distribu¬ 
taries  of  a  bay.  It  would  appear  that  the  shallow  sand 
flats,  typical  of  most  bays  and  estuaries,  accumulate 
quite  rapidly  until  they  approach  the  low  tide  level 
and  then  they  remain  relatively  static  until  the  next 
shift  in  channels  takes  place. 

Studies  of  the  clay  mineral  suites  in  estuarine  and 
bay  sediments  may  provide  clues  as  to  the  sources  of 
these  materials.  In  the  eastern  Gulf  of  Mexico,  as 
will  be  described  later,  these  suites  show  striking  re¬ 
gional  associations  with  the  large  drainage  systems 
and  are  apparently  accumulated  in  adjacent  bays  by 
tidal  mechanisms  of  the  type  described  by  Van  Straatcn 
and  Kuenen  (1958),  thus  producing  fine-grained  de¬ 
posits  in  the  heads  and  central  basins  of  bays.  Some 
estuaries  possess  small  deltaic  deposits  in  the  arms 
fed  by  streams,  but  many  stream  mouths  have  no 
obvious  deltaic  deposition  and  appear  to  be  inactive 
sediment  sources. 

One  may  state  a  third  general  concept,  which  is  that 
estuarine  sediments  are  often  transported  and  dis¬ 
tributed  primarily  by  marine  mechanisms  and,  in 
many  instances,  may  be  moved  into  the  cmhayment 
from  the  sea  or  from  the  shoals  in  the  bay  system 
rather  than  from  fluvial  sedimentation.  Fine-grained 
sediment  may  travel  from  large  rivers  into  adjacent 
coastal  embayments  downstream  from  the  large  river 
mouths  and  deltas. 

Most  students  of  estuarine  sediments  have  been 
struck  by  the  association  of  particular  sediment  char¬ 
acteristics  with  bay  floor  topography  and  circulation 
(Ingram,  1962;  McMaster,  1962).  Shoals  form  in 
zones  of  low  current  velocity  in  areas  where  the  tidal 
flow  from  adjacent  inlets  meets  or  where  the  shelter 
provided  by  headlands,  depth,  or  harriers  creates 
eddies  of  quiet  water.  Marsh  plants  damp  the  velocity 
of  currents  and  assist  the  settling  of  fine  materials. 
Some  fines  are  caught  by  benthic  organisms  and  sedi¬ 
mented.  The  tendency  for  currents  to  hug  one  shore 
preferentially  on  the  ebb  and  another  on  the  flood 
creates  central  zones  of  slow  circulation,  which  also 
effect  the  settling  of  sediment  In  the  shallow  waters 
of  hays  and  estuaries,  the  deposited  sediments  may  be 
made  resistant  to  resuspension  by  the  development  of 
algal  films  and  mats  and  by  the  spread  of  marine 
grasses.  Where  water  conditions  are  suitable,  oyster 
reefs  grow  and  may  initiate  deposition  of  sediment. 
The  effect  on  shoal  location  of  changes  in  the  inlet 
positions  has  been  mentioned  earlier.  The  tidal  deltas 
common  to  all  inlets  are  a  product  of  rapidly  chang¬ 
ing  velocity  as  the  tidal  currents  move  from  the  re¬ 


stricted  inlet  into  the  bay  or  out  to  the  open  sea  and 
are  modified  by  open  shore  waves  and  longshore  drift 
or  by  waves  and  currents  inside  the  bay. 

Estuaries,  like  lakes,  have  relatively  short  lives, 
geologically  speaking,  and  rapidly  fill.  This  has  been 
noted  by  all  students  of  estuaries.  Areas  of  quiet 
water  become  sites  of  deposition  which  in  turn  become 
the  substrate  for  marine  plants  as  the  water  shoals. 
Ultimately,  marsh  plants  and  continued  sedimentation 
reclaim  the  area  for  the  land.  Estuarine  sedimentary 
accumulations  are  probably  a  relatively  small  part  of 
the  geological  record  and  have  been  estimated  to  form 
less  than  one  percent  of  the  total  continental  area  at 
present.  Estuarine  sedimentary  deposits  probably  could 
be  recognized  best  by  their  geometry  and  the  presence 
of  organic  sediments  such  as  peats  and  coals.  They 
would  probably  be  roughly  triangular  in  plan  and 
relatively  thin,  possibly  a  few  meters  to  tens  of  meters. 
Tidal  flat  features,  including  raindrop  impressions, 
tracks  and  trails,  ripples,  barrows,  and  their  associated 
fossil  communities  would  aid  diagnosis.  They  could 
be  expected  to  grade  into  marine  littoral  deposits  and 
linear  sand  bodies  on  their  seaward  sides  and  into 
fluviatile  deposits  on  their  landward  sides. 

CONTRASTS  BETWEEN  LOW-  AND  HIGH- 
ENERGY  COASTS 

The  Gulf  Coast 

The  regional  trends  in  the  eastern  Gulf  of  Mexico 
provide  an  interesting  example  oi  the  operation  of  the 
concepts  noted  earlier.  As  one  moves  east  from  the 
Mississippi  Delta  and  the  major  source  of  fine  sedi¬ 
ment,  the  coast  changes  abruptly  from  the  deltaic 
form  to  a  series  of  large  estuaries  whose  outer  por¬ 
tions  are  typically  shallow  lagoons  oriented  parallel  to 
the  coast  and  formed  by  the  development  of  a  line  of 
barrier  islands.  Washovers  generated  by  hurricanes 
have  laid  down  great  lobes  of  sand  on  the  lagoon  side 
of  these  barriers  which  have  formed  into  large  areas 
of  sand  flats  behind  the  barriers.  The  coastal  shores 
of  the  lagoons  typically  contain  belts  of  older  beach 
ridges,  which  are  also  parallel  or  subparallel  to  the 
coastal  trend.  The  inner  portions  of  the  emhayments 
preserve  the  classic  estuarine  form  and  have  their  long 
axes  oriented  roughly  normal  to  the  general  coastal 
trend.  Each  of  these  emhayments  differs  in  detail,  but 
all  are  similar  in  that  the  contribution  of  the  local 
streams  is  small,  as  evidenced  by  the  limited  areas  of 
or  absence  of  deltaic  deposits  m  their  mouths  and  the 
marked  influence  of  the  tides  upstream.  The  waters 
of  these  tributary  streams  are  often  sluggish  and  heav¬ 
ily  stained  by  organic  compounds  derived  from  plants, 
but  are  relatively  free  of  suspended  sediment.  Marshes 
line  the  shores  of  these  bays,  and  the  estuarine  sec¬ 
tions  contain  large  areas  of  tidal  flats  and  marshes. 
In  Mobile  Bay.  these  flats  are  silts  and  clays,  but  the 
flats  become  sandy  in  all  hays  farther  east.  The  deeper 
central  basins  of  Mobile.  Pensacola.  Choctaws  tehee, 
and  St.  Andrews  Bays  are  covered  by  fine  silts  and 
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clays.  Sands  cover  the  floors  of  the  coastal  lagoons, 
and  coarse  sands,  shells,  and  exposed  bedrock  are 
typical  of  the  inlet  floors.  Currents  are  strong  in  these 
inlets  and  reach  velocities  of  three  meters  per  second 
and  more.  Within  the  bays,  the  currents  are  slow  and 
variable  and  generally  are  a  few  tens  of  centimeters 
per  second  or  less.  Water  characteristics  are  uniform 
from  surface  to  bottom  in  water  of  less  than  two  to 
three  meters  depth,  but  masses  of  different  salinity 
shift  laterally  with  the  tide  and  thus  produce  vari¬ 
ations  in  the  observed  salinity  at  a  single  station  over 
the  course  of  a  tidal  period.  The  range  of  salinity  is 
from  oceanic  to  fresh.  In  water  deeper  than  five 
meters,  a  rdirtity  stratification  appears  and  prohably 
marks  the  limits  of  rave  miring  in  the  protected  bay 
waters.  Sediments  :n  these  deeper  zones  are  usually 
fine-grained,  high  >n  organic  content,  and  in  a  re¬ 
duced  state.  Temperatures  are  uniform  throughout 
the  water  masses,  except  near  rivers  where  the  water 
is  generally  cooler.  Temperature  inversions  are  not 
uncommon  in  deeper  parts  of  tlie  hays  where  warmer 
saline  Gulf  water  moves  below  the  fresher  surface 
waters.  Slicks,  foam  lines,  and  debris  lines  are  com¬ 
mon;  they  separate  tidal  water  masses  of  slightly  dif¬ 
ferent  composition  which  move  in  variable  directions 
within  the  hay*  an.;  apparently  preserve  their  identity 
for  some  time.  On  those  occasions  when  strong  local 
winds  mix  the  bays,  these  individual  masses  lose  their 
character  in  the  homogenizing  process. 

Wolf  Bay,  Pensacola  Bay,  and  Choctawatchee  Bay 
all  contain  broad  flat-floored  basins  covered  by  fine 
sediment  which  lie  deeper  than  the  sills  of  the  inlets 
to  the  open  Gulf.  These  floors  have  the  appearance  of 
flat  pans,  with  relatively  abrupt  slopes  separating  these 
floor,  from  the  surrounding  sand  flats.  Depths  of  the 
floors  arc  typically  10  to  20  meters.  The  outlines  of 
the  inner  portions  of  these  large  bays  are  arcuate  and 
these  sections  are  cliffed  shores  cut  into  old  higher 
terrace  surfaces  of  (he  coastal  plains.  These  may  |h»- 
tihlv  have  hem  cut  by  broadly  meandering  streams 
moving  in  broad  flat -floored  valleys  cut  during  lower 
stands  of  the  sea.  laical  wind  waves  may  have  con¬ 
tributed  to  this  cutting,  but  some  of  the  cliffed  shores 
are  in  the  tee  oi  the  hays. 

(.‘lav  mineralogy  of  tlw  Kay  floor  sediments  indicates 
that  the  rtwntmordlonitic  suites,  typical  of  the  Missis¬ 
sippi  sedimetris.  prevail  in  the  area  immediately  ad¬ 
jacent  to  the  Mississippi  Delta  ft(rilfin.  l*K2i  hut 
rapidly  yield  to  the  kaolinitic  suite  of  the  Apalachicola 
Kiver  sediment.  Pensacola  and  (,'hocta  watcher  Bay- 
sediments  arc  in  an  intermediate  catrgorv  They  may 
reflect  e»pial  contributions  from  both  sources,  or  the 
effect  oi  transport  tin  a  predominantly  kaolinitic  Apa¬ 
lachicola  type  in  which  transport  has  augmented  the 
montntorillonitr  because  of  difference?  in  settling  char¬ 
acteristic*  <  \\  hitehouse  and  Jeffrey  .  |955>.  More  de¬ 
tailed  studies  m  progress  may  clarify  this  picture 
Scattered  samples  collected  from  the  adjacent  shelf 
would  indicate  that  Mississippi  sediment*  move  into 
thr  deeper  water  at  about  the  DrSito  reentrant  in  the 


shelf  and  that  sands  are  typical  of  the  shelf  off  Pensa¬ 
cola.  Field  evidence  supports  the  tentative  conclusion 
that  little  local  fine  sediment  is  contributed  to  these 
bays  except  in  the  central  arms  of  Pensacola  Bay, 
where  some  small  deltaic  features  are  present.  St. 
Andrew  i  Bay  has  been  part  of  the  Apalachicola  sys¬ 
tem,  and  some  of  the  fine  sediments  may  be  relict. 

The  sands  in  all  of  these  northern  Gulf  Coast  bays 
are  virtually  identical  dean  quartz  sands  with  negli¬ 
gible  heavy  mineral  content  and  general'/  uniform 
texture.  These  are  in  part  reworked  from  the  terrace 
deposits  exposed  in  some  of  the  bay  shores,  but  mud. 
also  comes  from  the  coastal  beach  and  nearshore  belt 
of  quartz  sand  and  is  transported  into  the  bays  by 
the  strong  tidal  currents  and  by  storm  wave  wash¬ 
overs.  Wind  probably  contribute*  some  sediment,  but 
the  back  beach  dunes  tend  to  be  fixed  rapidly  by  iush 
plant  growth.  Profiles  of  the  bottom  topography  of 
the  bays  extended  seaward  past  the  barrier  'stands 
sttRlfrs*  that  little  sediment  is  present  in  the  deeper 
flat  floors  and  that  the  principal  movement  and  deposi¬ 
tion  of  sediment  takes  place  in  the  channels  and  sand 
shoals  of  the  coastal  lagoons  and  inlets. 

Apalachicola  and  St.  Joseph  Bays  are  similar,  ex¬ 
cept  that  their  fine  sediment  is  probably  all  of  Apa¬ 
lachicola  origin.  Much  of  the  St.  Joseph  fines  are 
prohably  relict  from  an  earlier  peiiml  of  river  deposi¬ 
tion  at  a  somewhat  lower  ara  level.  Tidally  moved 
sands  are  now  burying  these  finer  sediments  in  the 
central  basin. 

The  shelf  off  the  big  lend  coast  of  Florida  is 
covered  by  biogenic  sediments  and  quartz  sands  near¬ 
shore,  with  relatively  little  fine  sediment.  This  rela¬ 
tive  absence  of  silts  and  clays  is  strikingly  evident 
in  the  Tanqia  Bay  sediment,  where  only  a  small  pocket 
ot  silt  ■$  present  in  the  head  of  (  lie  arm  of  the  bay. 
Griffin  illfsil  defines  the  clays  as  Mississippian  in 
composition.  This  same  end  product  could  be  the 
result  of  long  transport  of  Apalachicola  sediments. 

In  any  event,  the  clay  content  decreases  rapidly 
away  from  the  major  sources  in  the  northern  Gull 
Const.  Tidal  flats  and  marsh  sediments  in  the  eastern 
Gulf  estuaries  and  hays  are  thus  sands  with  low  fine 
sediment  content,  principally  because  of  lack  of  supply 

Limited  data  from  wells  and  test  drill  holes  for  con 
struct  ion  indicate  that  the  lens  of  sediments  in  the 
Florida  Gulf  hays  is  about  5  to  Jtl  meters  thick.  Be 
low  the  unconsolidated  sands.  s!*r!l.  silt,  and  occasional 
peats  are  semi -consolidated  l  .ate  Tertiary  detritals  or 
limestones  The  deepest  inlets  us  all  of  these  bays 
scour  down  to  this  bedro/k  surface  at  depths  o?  about 
15  to  .V)  meters.  Data  are  not  available  for  Mobile 
Bay.  hut  a  similar  pattern  probably  exists,  judging 
from  the  general  geology  ot  the  land  surface  surround¬ 
ing  the  rstuarv.  All  of  tuese  deposits  hase  probably 
accumulated  during  the  last  rise  in  sea  level,  since  a 
few  radiocarbon  dates  on  peats  in  basal  part*  of  these 
sections  are  all  less  than  15,000  years  old  Dales  from 
vane  of  the  beach  ridge*  a™!  older  dunes  range  from 
1.200  to  3.000  years  before  the  present  These  dates 
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are  similar  to  dates  from  the  chenier  plains  of  western 
I-ouisiana,  and  the  deposits  dated  are  in  harmony  with 
present  sea  level,  or  nearly  so.  Thus,  the  entire  bar¬ 
rier  island-coastal  lagoon  portions  of  these  bays  are 
no  older  than  3.000  years  and  net  sedimentation  rates 
are  similar  to  those  described  by  Rusnak  in  this 
volume. 

The  F’acific  Coast 

Studies  in  several  bays  of  the  Southern  California 
and  Baja  California  coasts  show  some  similarity  to 
the  Gulf  of  Mexico  embayments  in  that  they  are  also 
controlled  by  tides  and  waves.  The  sedimentary  ma¬ 
terials  are  quite  different  in  composition,  as  would  be 
expected  considering  the  very  different  sources.  Fine¬ 
grained  material  is  more  common  in  the  northern 
parts  of  the  area,  and  preliminary  studies  in  progress 
suggest  that  there  may  be  different  clay  suites  present. 
In  San  Francisco  Bay,  the  clay  suites  show  a  marked 
difference  between  the  outer  Bay  and  the  estuary  of 
the  San  Joaquin  River  in  Suisun  Bay.  Whether  this 
reflects  differences  in  source  or  the  effects  of  sorting 
in  transport  is  not  yet  known. 

Clays  and  silts  are  relatively  minor  in  the  Baja 
California  estuaries  and  coastal  lagoons,  and  sands 
predominate.  The  aspect  of  the  barriers  and  coastal 
portion*  of  these  embayments  are  quite  different  in 
appearance  from  their  counterparts  on  the  Gulf  Coast. 
Rapid  growth  of  -egetation  in  the  humid  Gulf  area 
fixes  the  back  beach  dune  sands  into  beach  ridges.  On 
the  Pacific  Coast,  the  climate  is  arid  or  semi-arid  and 
the  wind-blown  sands  march  across  the  barriers  and 
coastal  plains  in  fields  of  barchan  dune  and  are  an 
active  mode  of  transport  of  sand  into  the  lagoons. 
Washovers  are  not  typical  of  the  Pacific  harriers  as 
they  are  in  the  Gulf.  The  stream  courses  leading  into 
the  Raja  California  estuaries  and  lagoons  are  dry  for 
years  at  a  time  and  are  dominated  by  the  tidal  incur¬ 
sions  of  open  ocean  water.  Mangroves  are  important 
in  marshes  south  of  Sebastian  Viseainu,  and  the  more 
typical  temperate  marsh  grasses  hold  sway  in  the 
north.  Marsh  sediments  are  increasingly  more  sandy 
to  the  south.  Beach  sands  which  have  drifted  along¬ 
shore  are  moved  across  the  barriers  and  coastal  mar¬ 
gins  of  the  big  estuaries  and  fill  the  margins  of  the 
hays.  In  the  San  Francisco  area,  the  rivers  of  the 
Central  Valley  of  California  are  the  principal  con¬ 
tributors  to  the  system. 

Stronger  wave  action  an  the  Pacific  Const  lends  to 
obscure  the  effects  of  storms  This  contrasts  with  the 
low-energy  Gulf  Coast  shores,  where  hurricanes  may 
move  beach  and  shore  sediments  in  sheets  over  the 
inner  hays  and  lagoons  Beaches  fronting  the  Pacific 
coastal  areas  are  also  broader  and  of  greater  volume 
than  along  the  lower-ersergy  roasts  of  the  east. 

The  thickness  of  sediments  is  probably  similar  in 
both  areas,  as  evidenced  in  detailed  sections  compiled 
for  the  Southern  California  shore  from  water  well 
data.  The  bays  of  the  West  Coast  are  generally 
deeper  than  on  the  Gulf  Coast,  probably  because  of 


the  much  narrower  and  deeper  shelves  along  the  Pa¬ 
cific  border.  Barrier  islands  are  rare  or  absent  and 
the  embayments  are  either  open  to  the  sea  or  have 
inlets  that  are  narrow  channels  in  the  bluff  coastal 
foothills  and  mountains.  The  Southern  California 
rivers  are  seasonal  streams  and  in  their  natural  state 
are  sealed  off  at  their  mouths  by  beach  deposits  dur¬ 
ing  the  dry  seasons.  A  few  Southern  California  estu¬ 
aries  (Mugu  Lagoon,  New'port  Bay)  are  abandoned 
mouths  of  the  major  streams  which  have  been  closed 
off  by  longshore  drift  and  then  opened  to  the  sea  by 
artificial  channels.  Many  of  the  coastal  estuaries  are 
separated  from  the  sea  by  spits  and  tomboloa  (San 
Diego  Bay,  Mission  Bay,  Morro  Bay).  All  of  these 
characteristics  are  products  of  the  strr  *  surf  of  the 
exposed  Pacific  shore. 

SUMMARY 

The  above  discussion  and  previously  published  stud¬ 
ies  van  be  summarised  in  terms  of  the  following  con¬ 
clusions 

1  Estuaries,  hays,  and  lagoons  are  probably  all 
the  products  of  processes  active  over  recent  time 
and  probably  for  no  more  than  the  past  3,000 
years. 

2.  Sedimentary  patterns  in  these  bodies  of  water 
reflect  the  combined  effect  of  bottom  topography 
and  circulation,  and  sands  are  the  major  sise 
grade  present. 

3.  Estuaries  are  primarily  products  of  coastal 
submergence,  although  secondary  processes  and 
climate  may  create  somewhat  different  local  forms 
of  estuaries. 

4.  On  bluff,  high-energy  coasts  with  narrow 
shelves,  estuaries  are  separated  front  the  open  sea 
by  spits  or  bearh  deposits,  and  barrier  islands 
and  their  associated  lagoons  are  rare  or  absent. 

5.  On  low  and  medium-energy  coasts  with 
broad  shelves,  estuaries  commonly  are  fronted  by 
barrier  islands  and  coastal  lagoons ;  often  at  least 
tw  o  sequences  of  these  are  present 

b  Circulation  in  esmartes  is  predominantly  by 
tidal  currents. 

7.  The  positions  of  inlets  in  the  barriers  or 
spits  are  probably  determined  and  maintained 
by  the  tidal  pattern  in  each  hay.  and  these  in 
turn  determine  the  location  of  areas  of  deposition 
and  erosion  in  the  bays. 

A  Much  of  the  sediment  in  estuaries  is  derived 
from  seaward  or  coastal  sources.  When  stream- 
borne  sedimentation  is  dominant,  the  estuary  soon 
yields  to  the  drtu. 

9.  Composition  of  estuarine  iad  bay  sediments 
reflects  local  tourer-  and  climates,  hut  the  tex¬ 
tures  are  g-neraliy  quite  similar  because  of  the 
similarity  agents  acting  within  the  envirua- 
mrnt. 

10.  Estuarine  and  bay  »ed inserts  tend  to  br 
relatively  thin  because  of  the  pjntCij  of  the 
form  and  the  (act  that  they  iff  ttmptr  drowned 
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segment*  of  the  coast.  Thus,  the  thickness  of 
accumulation  is  a  result  of  the  rate  of  sea-tevel 
rise  and  the  slope  of  the  adjacent  shelf.  Broad 
shelves  produce  shallow  estuaries,  while  narrow 
steep  shelves  produce  deep  emhayments.  The 
(facially  produced  fjord  is  a  separate  and  special 
category  which  is  not  considered  here. 

II.  The  aspect  of  an  estuary  changes  with  time 
as  sedimentation  progresses,  or  as  climate  and 
source  and  volume  of  sediment  supply  change. 
Thus,  virtually  all  coastal  emhayments  have 
passed  through  some  part  of  the  estuarine  se¬ 
quence.  The  fact  that  estuaries  are  primarily 
features  of  submergence  mean*  that  they  occupy 
the  low  parts  of  coastal  topography.  These  lows 
are  also  the  focal  pcinu  of  drainage  and  thus  all 
emhayments  inevitably  must  have  been  or  will  be 
estuarine. 

Author's  Note  This  paper  is  Contribution  No.  284  of 
the  Allan  Hancock  Foundation,  University  of  Southern 
California,  Los  Angeles,  California 
Much  of  thr  field  and  laboratory  wtrk  upon  which 
this  review  u  bawd  has  been  made  possible  through  the 
continued  support  ui  the  Geography  Branch  <>i  the  Office 
of  Naval  Research  In  addition,  ihr  Braudette  Foumla- 
tion  for  Marine  Research,  The  Mian  Hancock  Four*  la  - 
tion  of  the  University  of  Southern  California  and  the 
Oceanographic  Institute  of  Florida  State  University  have 
all  provided  held,  office,  and  laboratory  facilities.  Nu¬ 
merous  students  and  associates  (see  cited  papers)  have 
assisted  thr  writer  in  the  held  and  laboratory  and  have 
contributed  excellent  discussions  and  criticisms  lor  which 
he  is  most  grateful.  Several  studies  in  preparation  bv 
students  an  parts  of  San  Francisco  Bay  and  areas  near 
the  Colorado  Delta  lave  been  most  useful,  as  have  the 
preliminary  results  from  current  projects  concerning 
Charleston  Harbor  and  parts  of  Chesapeake  Bay 
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Sediments  of  Yaquina  Bay,  Oregon 
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Diverse  hydrogiaphic  properties  and  accessibility 
make  estuaries  excellent  places  in  which  to  study  the 
relationship  of  sedimentation  to  the  various  aspects  of 
oceanography.  The  hydrographic  system  within  the 
estuary  affects  both  the  distribution  of  the  sediments 
and  their  composition. 

Numerous  estuaries  indent  the  relatively  straight 
coastline  of  Oregon.  Yaquina  Bay,  one  of  these  estu¬ 
aries,  is  situated  on  the  central  Oregon  coast  ( Fig.  1 ) . 
This  bay,  which  is  bordered  bv  the  coastal  hills  of  the 
Oregon  Coast  Range,  has  an  area  of  approximately 
four  and  one-half  square  miles,  and  extends  inland 
23  miles.  It  experiences  mixed  semi-diurnal  tides, 
characteristic  of  the  North  Pacific,  with  an  average 
tidal  range  of  5.5  feet. 

This  paper  presents  the  results  of  a  study  of  the 
nature  and  origin  of  the  Recent  sediments  of  Yaquina 
Bay  and  of  the  associated  coastal  beaches  and  dunes. 
The  only  study  of  Recent  sediments  in  this  area  prior 
to  the  present  investigation  was  that  of  Twenhofel 
(1946),  which  was  limited  to  the  coastal  dunes  south 
of  the  bay  entrance  and  to  a  restricted  portion  of 
adjacent  ocean  beach.  An  attempt  is  made  here  to 
show  the  relationship  of  the  sediment  to  the  hydrog¬ 
raphy  of  the  estuary  and  to  the  nearshore  oceano¬ 
graphic  processes. 

PHYSIOGRAPHY  AND  REGIONAL 
GEOLOGY 

Coast  Range 

Yaquina  Bay  and  its  drainage  arc  situated  on  the 
western  Hank  of  the  central  Oregon  Coast  Range,  a 
north-south  trending  geanticline  consisting  of  more 
than  20,000  feet  of  Middle  Eocene  to  Middle  Miocene 
sandstones,  siltstones,  and  mudstones.  The  sequence 
of  sedimentary  rocks  overlies  a  Lower  Eocene  vol¬ 
canic  complex  of  flows,  tuffs,  and  breccias.  Both  the 
sedimentary  and  volcanic  rocks  are  intruded  by  nu¬ 
merous  basic  and  sycnitic  dikes  and  sills  considered 
to  be  of  Oligocene  age  (  Baldwin,  1939). 

Erosion  during  the  I-a»_  Cenozoic  uplift  stripped 
younger  sediments  from  the  region  and  siqierimposcd 
the  present  drainage  system  ot.  the  older  sedimentary 
rocks.  The  Yaquina  River  excavated  its  present  val¬ 
ley  as  the  Coast  Range  was  slowly  uplifted.  The 
rugged  to|H*grapliy  of  the  relatively  small  (240  square 
miles  i  and  maturely  dissected  drainage  Imsiii  of  the 
Yaquina  River  leads  to  rapid  erosion  during  pcricxls 
of  high  rainfall. 


Yaquina  Bay 

Although  the  Yaquina  Estuary  reaches  to  a  point 
23  miles  inland  measured  along  the  sinuous  Yaquina 
River,  its  freshwater  head  in  the  vicinity  of  Elk  City 
[see  Fig.  5)  is  only  about  ten  miles  east  of  the 
shoreline.  Included  in  the  lower  estuary  are  the  two 
large  tidal  flats,  Sally’s  Bend  Tidal  Flat  and  South- 
beach  Tidal  Flat,  both  marginal  to  the  main  channel. 
The  estuary  reaches  a  maximum  width  of  two  miles 
in  a  northeast-southwest  direction  across  these  flats, 
and  decreases  abruptly  in  width  upstream  of  the  flats. 
Above  the  tidal  flats  the  channel  narrows  graduallv 
to  the  head  of  the  estuary.  Although  the  tidal  flats  are 
extensive,  the  river  channel  and  sloughs  from  the  bay 
mouth  to  the  vicinity  of  Elk  City  comprise  the  major 
portion  of  the  estuary. 

The  depth  of  Yaquina  Bay  (Fig.  1)  has  been  al¬ 
tered  repeatedly  since  1888  by  man’s  efforts  to  indus¬ 
trialize  the  area.  Starting  with  the  initial  installation 
of  the  twin  jetties  in  1888,  and  through  periodic  addi¬ 
tions  to  the  retaining  walls  and  dredging  in  the  main 
channel,  notable  changes  of  depth  have  occurred. 
These  changes  have  been  accompanied  by  changes  in 
the  sedimentary  processes  both  within  the  bay  and 
along  the  shoreline.  In  particular,  the  shoreline  im¬ 
mediately  south  of  the  bay  entrance  has  prograded 
seaward  progressively  with  each  new  addition  to  the 
jetties,  while  the  north  shore  has  remained  relatively 
unchanged. 

The  present  channel  is  dredged  to  a  depth  of  26  feet 
from  the  jetties  to  the  turning  basin  adjacent  to 
McLean  Point.  The  deepest  depressions  are  found  in 
the  turning  basin  and  along  the  north  side  of  the 
dredged  channel  beneath  the  highway  bridge  at  New¬ 
port.  A  navigational  channel  12  feet  deep  is  now 
maintained  from  the  turning  basin  upstream  to  Toledo 
( see  Fig.  5). 

North  of  the  bay  entrance  the  coastline  consists  of 
a  narrow  sand  lieacli  barked  by  moderately  high  sea 
cliffs  cut  in  Tertiary  sedimentary  rocks  and  capped 
by  a  thin  accumulation  of  (Quaternary  terrace  deposits. 
Erosion  by  landsliding  and  slumping  is  prevalent  in 
this  area.  Three  and  one-half  miles  north  of  the  hay 
the  relative  straightness  of  the  coastline  is  interrupted 
by  Yaquina  Head,  a  terraced  volcanic  headland,  which 
projects  seaward  alxiut  one  mile  ami  serves  as  an 
obstacle  to  southward  littoral  drift.  A  series  of  dis¬ 
rupted  nearshore  reefs  of  exposed  basalt  sills,  parallel 
the  Ix'ach  from  Yaquina  Head  to  the  vicinity  of  the 
hay  entrance. 
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Fig.  1.  Bathymetry  of  Yaquina  Bay,  Oregon.  Contours  compiled  from  1953  U.S.  Coast  and  Geodetic  Survey  smooth 
sheets.  Contour  interval  12  feet.  Datum  line  indicates  the  mean  lower  low  water. 


South  of  the  hay  the  coastline  is  relatively  straight 
for  aliout  20  miles  without  interruption  by  headlands. 
The  lieach  immediately  south  of  the  bay  entrance  is 
hacked  by  an  undulating  surface  of  recently  migrating 
coastal  dunes,  which  at  present  cover  portions  of  the 
Pleistocene  marine  terraces  and  low  hills  to  the  east 
of  the  shoreline.  The  dune  sands  apparently  were  de¬ 
rived  from  the  neigh)>oring  I  teaches,  terraces,  and  es¬ 
tuarine  deposits.  The  migrating  coastal  dunes  are 
now  encroaching  inland  into  the  forested  low-lying 
hills  and  northeastward  onto  the  south  shore  of  Ya¬ 
quina  Bay. 

HYDROGRAPHY  AND  CLIMATK 
Msti: arise  O.ASsmc vrios 

Burt  ami  McAlister  (  1959 1  have  classified  Orego.i 
estuaries  on  the  basis  of  circulation  (salterns  and  salin¬ 
ity  distribution  according  to  the  system  of  Pritchard 
(  1955  1.  Their  survey  of  Yaquina  Bay  is  limited  to 
-even  month*  of  the  year  and  shows  that  the  estuary 
is  probably  partly  mixed  in  the  winter  and  spring,  and 


is  well  mixed  in  the  summer  and  fall.  The  average 
tiow  values  of  the  Yaquina  River  were  found  to  be 
600  cubic  feet  ]>cr  second  tefs)  during  February, 
1955.  but  only  33  5  cfs  during  August,  1956. 

More  complete  data  on  seasonal  and  annual  vari¬ 
ations  in  the  distribution  of  salinity  from  top  to  bot¬ 
tom  of  the  channel  were  obtained  by  the  present 
writers  for  the  following  years'  1940-1941.  1960-1%), 
and  1%1-19<>2.  During  1940-1941,  daily  salinity  meas¬ 
urements  were  taken  in  the  vicinity  of  the  town  of 
Yaquina  in  conjunction  with  a  native  oyster  study  by 
the  Oregon  Fish  Commission.  The  more  recent  data 
were  rcjiorted  in  unpublished  weekly  salinity  measure¬ 
ments  taken  at  Buoy  15  (near  Coquilte  Point)  by  the 
Department  of  Oceanography,  Oregon  State  Univer¬ 
sity.  The  salinity  data  for  these  years  were  treated 
in  a  manner  similar  to  that  used  by  Rurt  and  McAlis¬ 
ter.  Inequalities  due  to  tid  variations  in  the  daily 
and  weekly  observations  were  minimized  by  using 
monthly  averages. 

The  average  difference  in  salinity  between  surface 
and  Imttmn  waters  is  plotted  for  each  month  of  the 
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Fig.  2.  Average  monthly  change  in  salinity  between 
surface  and  bottom  waters  in  Yaqutna  Bay.  Oregon  estu¬ 
aries  are  classified  on  the  basis  of  salinity  change  from 
top  to  bottom:  20  %,  or  more,  two-layered;  between  4 
and  19  partly  mixed;  and  3  %,  or  less,  well  mixed 
(Burt  and  McAlister,  1959) . 

year  (Fig.  2).  When  compared  with  the  results  of 
Burt  and  McAlister  (1959),  the  same  seasonal  trends 
in  estuarine  types  were  noted.  However,  estuarine 
types  during  a  particular  season  vary  somewhat  an¬ 
nually.  In  general,  from  June  to  October  the  estuarine 
system  is  well  mixed.  The  estuary  may  alternate 
between  a  well  mixed  to  partly  mixed  system  from 
November  to  May. 

Climatic  Control 

If  tidal  and  basin  characteristics  are  constant,  river 
discharge  is  the  principal  factor  which  effects  changes 
in  the  type  of  hydrographic  system  present  during  the 
year.  River  discharge  is,  in  turn,  related  to  the  sea¬ 
sonal  precipitation. 

The  a.nount  of  precipitation  is  recorded  daily  by 
the  U.S.  Weather  Bureau  at  Newport,  the  for-.!  cen¬ 
ter  of  the  dra;nage  system.  The  ton!  month! v  rainfall 
for  1940-1941,  1960-1961,  and  1961-196.'  is  shown  in 
Figure  3.  The  similarities  between  the  precipitation 
cvrves  and  the  curves  for  salinity  difference  between 
surface  and  bottom  water  is  striking.  Such  a  parallel¬ 
ism  between  the  curves  reflects  strong  local  climatic 
control  of  the  estuarine  system  and  suggests  that  the 
various  types  of  estuarine  mixing  patterns  in  Yaquina 
Bay  can  be  related  to  precipitation 

The  annual  precipitation  vane-  greatly  from  year 
to  year.  The  mean  annual  precipitation  at  Newport 
over  a  24-year  ;>criod  is  t'7.40  inches.  In  the  year 
1940-4),  there  were  only  43.40  inches  of  rainfall; 
whereas  in  1960-61  about  twice  this  amount,  83.35 
inches,  was  recorded,  and  in  1961-1962,  58.41  inches. 
It  is  interesting  to  note  the  marked  annual  cycle  in 
precipitation  as  well  as  the  monthly  vacations  in  the 
data  presented.  These  cyclic  variations  in  precipita¬ 
tion  represent  long-term  changes  when  compared  with 
frequent  diurnal  fluctuations  of  more  than  one  inch. 
Kxtrcnie  diurnal  maxima  in  rainfall  of  up  to  2.9 
inches  were  recorded  during  November  and  February 
in  1960-1961. 


The  change  in  salinity  lags  behind  the  increase  of 
precipitation  during  the  first  few  months  of  fall,  fol¬ 
lowing  the  dry  summer  season.  The  marked  increase 
in  precipitation  during  October  generally  is  not  re¬ 
flected  by  an  increase  in  the  average  change  in  salin¬ 
ity  until  a  month  or  so  later.  Apparently  the  soil  in 
the  drainage  basin  becomes  undersaturated  during  the 
extended  dry  periods  of  the  summer  and  initially  ah 
sorbs  large  quantities  of  water  without  excessive  run¬ 
off  at  the  beginning  of  the  subsequent  rainy  season. 

Estuarine  Currents 

Few  current  measurements  are  available  for  Ya¬ 
quina  Bay.  According  to  Burt  and  McAlister  (1959), 
the  general  current  patterns  may  be  inferred  from  the 
type  of  mixing  patterns  that  develop  in  the  estuary. 
When  the  estuary  is  partly  mixed,  the  strongest  flood 
currents  occur  near  the  bottom.  A  well-mixed  system, 
in  certain  Oregon  estuaries,  may  be  expected  to  have 
a  slow  net  drift  of  water  outward  at  all  depths  regard¬ 
less  of  the  superimposed  tidal  exchanges.  A  very 
slow  net  non-tidal  flow  was  measured  in  Yaquina 
Estuary  when  the  system  was  well  mixed  (Burt  and 
McAlister,  1959).  If  the  above  generalizations  are 
true,  it  becomes  apparent  that  the  current  patterns 
may  vary  seasonally  as  a  result  of  changes  in  the 
mixing  patterns  which  are  dependent  on  seasonal  vari¬ 
ations  of  precipitation. 

Littoral  Drift 

Although  the  littoral  drift  along  the  Oregon  coast 
is  thought  to  be  seasonal,  no  direct  measurements  of 
the  magnitude  or  direction  of  drift  have  been  made 
for  any  given  time  of  the  year.  Measurements  of  the 
magnitude  of  drift  are  difficult  to  make,  but  an  ap 
proximation  of  the  drift  direction  can  be  determined 
if  the  directions  of  wave  travel  due  to  sea  and  swell 
are  known. 

Reliable  wave  hindcast  data  have  been  computed  hv 
National  Marine  Consultants  (U.S.  Army  Engineers. 
1961  )  for  three  deepwater  stations  off  the  Oregon- 
Washington  const.  The  data  from  one  of  these  sta¬ 
tions  located  off  Newport,  Oregon  have  been  used  to 
analyze  littoral  drift. 
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Fii  3.  Correlation  between  the  monthly  precipitation 
a!  Ne  sport  and  the  average  monthly  change  in  aalmity 
between  surface  and  bottom  waters  in  Yaqr.  -a  Bay. 
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Fig.  4.  Prevailing  directions  of  onshore  wave  travel  due 
to  sea  and  swell.  Left-hand  scale  designates  the  percent 
of  time  wave  directions  approach  the  shore  from  the 
southwest  (quadrant  I)  ;  right  liand  from  the  northwest 
(quadrant  II). 

The  results  of  the  wave  hindcast  analysis  are  sum¬ 
marized  in  terms  of  the  average  monthly  wave  height, 
wave  ]>eriod,  and  wave  direction  frequency  distribu¬ 
tions  for  the  years  195(i.  1957,  and  1958.  These  data 
were  derived  from  U.  S.  Weather  Bureau  synoptic 
weather  charts  and  are  considered  to  be  represen¬ 
tative  of  nearly  average  conditions. 

From  the  wave  direction  frequency  data,  it  is  pos¬ 
sible  to  compute  the  littoral  drift  direction.  If  the 
direction  of  wave  travel  is  not  normal  to  the  shore, 
the  accompanying  discharge  of  water  will  result  in  a 
longshore  component.  Since  the  coast  of  Oregon 
trends  in  a  north  south  direction,  the  longshore  drift, 
which  parallels  the  shore,  will  be  either  in  a  southerly 
oi  northerly  direction,  depending  upon  the  prevailing 
direction  of  onshore  wave  travel  due  to  sea  and  swell. 
For  example,  waves  with  a  prevailing  north-north¬ 
westerly  component  would  give  rise  to  a  southerly 
longshore  drift ;  conversely,  a  south-southwesterly 
conqionent  would  result  in  a  northerly  drift. 

The  prevailing  direction  of  wave  travel  due  to  sea 
and  swell  was  determined  by  dividing  the  data  into 
two  categories.  Directions  from  180’  to  270’  (south 
to  west)  were  designated  as  quadrant  I;  directions 
from  270*  to  360’  (west  to  north)  as  quadrant  II. 
The  percentage  <  f  observations  falling  into  each  of 
these  quadrants  was  obtained  for  both  sea  and  swell 
lor  each  month. 

From  Figure  4  it  can  lie  seen  that  only  during 
January  ai  d  F'ebruary  does  the  prevailing  swell  come 
from  the  southwest  (the  mean  direction  of  quadrant 
I  ).  This  indicates  that  longshore  drift  due  to  swell  is 
southward  most  of  the  year. 

Sea  conditions,  1  recause  of  the  local  wind  regime, 
present  a  somewhat  different  picture.  The  seasonal 
wind  regime  has  been  summarized  by  Cooper  (1958) 
for  Newport.  Oregon.  During  the  month  of  July, 
onshore  winds  predominate  and  originate  from  the 
north  to  northwest.  This  is  assumed  to  represent  sum¬ 
mer  conditions.  During  the  month  of  January  there 
is  a  preponderance  of  low  velocity  offshore  winds, 
indicative  of  winter  conditions.  Also  high  velocity. 


hut  less  frequent,  onshore  winds  occur  from  the  south 
parallel  to  the  coast  or  slightly  seaward  of  the  coastal 
trend.  Fall  and  spring  winds  are  transitional.  Fall 
winds  alternate  between  winter  and  summer  types.  In 
the  sprng,  the  north  to  northwest  winds  reappear  and 
alternate  with  the  frequent  low  velocity  offshore 
breezes  and  high  velocity,  less  frequent  south  to  south¬ 
west  winter  winds. 

From  October  to  March,  the  prevailing  wave  direc¬ 
tions  due  to  sea  are  from  the  southwest,  which  would 
result  in  a  northerly  longshore  drift;  however,  from 
April  to  September  prevailing  wave  directions  occur 
from  the  nortiiwest  (mean  direction  of  quadrant  II), 
indicating  a  southerly  drift. 

On  the  basis  of  both  sea  and  swell  data  it  appears 
that  from  November  or  December  to  March  long¬ 
shore  drift  is  northward  along  the  coast  of  Oregon, 
and  from  April  to  October  or  November  it  is  south¬ 
ward.  Therefore,  the  longshore  drift  is  seasonal. 
However,  southerly  drift  appears  to  be  prevalent 
during  the  spring,  summer,  and  early  fall,  whereas 
northerly  drift  probably  occurs  only  in  the  late  fall 
and  winter.  As  a  whole,  the  dominant  drift  along  the 
coast  in  the  vicinity  of  Newport  is  southward. 

SEDIMENTS 

Sampling 

Two  major  sampling  trips  were  made  during  Au¬ 
gust  and  September,  2960,  to  collect  133  sediment 
samples  (Fig.  5)  from  the  Yaquina  Estuary,  adja¬ 
cent  ocean  beaches,  and  nearby  coastal  dunes.  Bottom 
samples  of  estuarine  and  river  sediments  where  the 
water  was  too  deep  to  hand-sample  were  collected 
from  a  sma'I  skiff.  A  messenger-operated  Ekman 
dredge  and  a  Dietz-LaFond  grab  sampler  were  used 
in  the  channel  ai.d  on  the  tidal  flats  at  high  tide. 
Where  sediment  type  permitted  penetration  and  sub¬ 
sequent  retention  of  a  core,  a  Phleger  corer  with  plas¬ 
tic  liners  and  a  homemade  piston  corer  (Byrne  and 
Kulm.  1962)  were  employed. 

Techniques 

The  grain-size  analyses  of  all  sediments  were  car¬ 
ried  out  using  particle-settling  velocity  techniques. 
All  sediments  of  sand-size  were  analyzed  with  the 
settling  tube  (Emery,  1938).  whereas  the  fine  frac¬ 
tions  containing  appreciable  percentages  of  silt  and 
clay  were  analyzed  with  a  soils  hydrometer.  The  me¬ 
dian  diameter,  mean,  and  Inman’s  (1952)  sorting, 
skewness,  and  kurtosis  coefficients  were  calculated 
from  the  cumulative  frequency  curves. 

The  measure  of  roundness  was  obtained  by  a  visual 
comparison  with  Powers'  (1953)  roundness  chart. 
All  determinations  of  roundness  were  made  on  par¬ 
ticles  of  clear  quartz  of  approximately  the  same  site. 

Bromoform  was  used  to  separate  the  sand-sized 
grains  into  light  and  heavy  mineral  fractions.  Heavy 
mineral  fractions  (unsized)  were  ..plit  with  a  micro- 
splitter  and  mounted  on  glass  slides  with  Lakeside 
cement.  Identification  of  mineral  species  was  done 


230 


CSTU ABIES  :  SEDIMENTS  AND  SEDIMENTATION 


r 


| 

f 

' 


Fig.  5.  Yaquina  Bay,  adjacent  ocean  beaches,  and  nearby  coastal  dunes,  showing  sample  locations. 


and  Stevens  (1960).  This  method  of  staining  plagi- 
oclnse  was  combined  with  the  staining  of  potash  feld¬ 
spar  with  cobaltinitrite  originally  developed  by  Gabriel 
and  Cox  (1929). 

Realms  of  Deposition 

Three  realms  of  deposition  based  on  sediment  tex¬ 
ture  and  mineralogy  are  recognized  within  Yaquina 
Bay.  These  realms,  marine,  fluviatile,  and  marine- 
fluviatile,  include  a  numlier  of  distinct  depositional 
environments  (  Fig.  6).  The  marine  realm,  which  in¬ 
cludes  the  I  loaches  and  dunes  adjacent  to  the  bay. 
extends  1.5  miles  into  the  entrance  of  the  estuary,  and 
is  typified  by  water  of  normal  marine  salinity  and  by 
vigorous  tidal  action.  I'.stuarino  sediments  of  this 
realm  are  similar  to  the  sediments  of  the  adjacent 
beaches  and  coastal  dunes.  They  consist  of  well- 
sorted.  sulmngular  to  suhrounded.  line  to  medium 
sand.  The  immature  arko-ic  sands  in  this  realm  arc 
distinguished  by  the  marine  suite  of  heavy  minerals, 
including  abundant  pyroxenes,  primarily  hy|>ersthcnc 
and  diopside,  and  such  metamorphic  minerals  as  kva- 
nitr.  sillimanite,  and  staurolite.  Kspecially  diagnostic 
of  the  marine  realm  are  the  "yellow  grams"  of  Twcn- 
hofel  (I'M/ii.  which  invariably  constitute  about  ten 
percent  of  the  light  mineral  fraction. 

The  fluviatile  realm  occurs  between  the  freshwater 


with  the  aid  of  a  petrographic  microscope.  Percent¬ 
ages  of  mineral  species  were  determined  from  200  to 
400  grains  per  slide.  Light  mineral  fractions  were 
etched  with  hydrofluoric  acid  and  treated  with  barium 
chloride,  sodium  cobaltinitrite,  and  potassium  rhodi- 
zonatc  according  to  the  procedure  employed  by  Bailey- 


Fig.  6.  Realms  ol  deposition  in  Yaquina  Bay. 
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head  of  the  estuary  near  Elk  City  and  Oneatta  Point, 
six  miles  from  the  entrance.  Prackish  water  condi¬ 
tions  prevail  in  this  area.  The  poorly  sorted,  angular 
to  suhanguiar  sediments  of  this  realm  range  in  grain 
size  from  silt  to  coarse  sand.  They  are  somewhat 
more  arkosic  than  the  sands  of  the  marine  realm  and 
are  represented  by  the  fluviatile  suite  of  heavy  min¬ 
erals.  This  suite  includes  such  diagnostic  minerals  as 
biotite,  muscovite,  hematite,  and  limonitc.  Diopshle 
is  absent  and  minor  amounts  of  hy|>ersthene  occur  in 
only  a  few  samples.  There  is  a  marked  decrease  in 
the  abundance  of  garnet  and  the  number  of  nieta- 
morphic  species,  compared  with  the  marine  realm 

The  marine-fluviatile  realm,  which  consists  of  the 
river  channel  and  the  two  marginal  tidal  flats,  lie>  be¬ 
tween  the  fluviatile  and  marine  realms.  Normal  ma¬ 
rine  to  brackish- water  conditions  are  characteristic 
of  this  zone.  A  wide  range  of  sediment  texture  and 
mineralogy  occur  in  the  marine-fluviatile  realm.  'rhe 
well-  to  poorly  sorted,  angular  to  subrounded  particles 
vary  in  grain  size  from  silt  to  medium  S'  d.  Wide 
variations  in  mineralogy  result  b~cause  of  admixtures 
of  sediments  from  the  adjoining  marine  and  fluviatile 
realms.  The  diminishing  marine  influence  upstream 
from  the  Ixiy  entrance  to  Oneatta  Point  is  demon¬ 
strated  by  the  progressive  landward  decrease  in  the 
(KTcentage  of  “yellow  grains",  and  of  certain  heavy 
minerals  such  as  hyperstbet.e,  diopside,  kyanite,  si'li- 
manite,  and  staurolite.  In  the  vicinity  of  Oneatta 
Point,  most  of  these  minerals  terminate,  marking  the 
maximum  landward  intrusion  of  marine  sedimentation. 

The  two  tidal  flats  are  quite  dissimilar  in  sediment 
texture  and  mineralogy.  Sediments  on  Southbeach 
Tidal  Flat  are  weighted  as  much  towards  the  marine 
sands  as  those  of  Sally's  Bend  Tidal  Flat  arc  towards 
the  flu'-iatile  sediments. 

Environments  or  Deposition 
Bench 

The  ocean  beaches  north  and  south  of  the  bay  en¬ 
trance  (a  total  distance  of  4.5  miles)  can  be  con¬ 
sidered  together  since  their  texture  ami  niineralogical 
characteristics  are  similar.  The  beach  is  divided  into 
two  zones,  the  lower  foreshore  or  the  zone  of  perma¬ 
nent  saturation  affected  by  waves  and  tides,  and  the 
upper  foreshore,  beyond  the  zone  of  permanent  satu¬ 
ration. 

The  lower  foreshore  of  Imth  beaches  is  coitqiosrd 
of  tine  to  n<ediuns  sand  f  median  diameter  average. 
217  it )  w  ith  a  range  in  |>article  diameter  from  1X5 
to  254  pt.  The  finest  sands  appear  to  lie  localized  in 
the  vicinity  of  the  twin  jetties.  The  coarsest  sands 
are  generally  found  2  miles  north  of  the  jetties.  These 
well-sorted  sands  ( average,  0.27)  have  a  narrow 
range  sn  sorting  14.  0.20  to  0  48)  and  are  charac¬ 
terized  generally  by  a  coarse  skewness  fa*)  of  -OOR. 

Sediments  of  the  lower  foreshore  have  a  wide  range 
of  mtimlness  (angular  to  rouroled)  hut  are  mainly 
suhanguiar  to  subrounded.  This  range  in  roundness 
suggests  several  different  sources  of  sediment,  and  the 


angularity  of  the  sands  indicates  that  the  majority  of 
the  sed.ments  have  not  undergone  prolonged  transport 

and  abrasion. 

On  the  upper  foreshore,  recently  migrating  dune 
sands  arc  derived  from  the  often  wet  sands  of  the 
lower  foreshore  through  eolian  transport  by  high 
velocity  onshore  winds.  On  the  northern  beach  this 
zone  is  narrow  and  restricted  because  of  the  diffed 
coastline,  hut  it  extends  as  a  wide  plain  over  the 
l~ugth  of  the  southern  beach. 

The  average  grain  size  of  the  recently  migrating 
upper  foreshore  dune  sands  is  198  n  while  that  of  the 
lower  fi  reshore  sands,  from  which  they  were  derived, 
is  217  11.  The  decrease  in  particle  size  probably  re¬ 
sults  from  the  selective  sorting  during  eolian  trans¬ 
port.  Likewise,  the  average  skewness  (a4)  changes 
from  a  coarse  skewness  of  -0.08  to  a  fine  skewness 
of  0.02,  while  the  sorting  remains  nearly  the  same. 

No  appreciable  difference  in  roundness  because  of 
the  transportation  of  sediment  from  one  environment 
to  another  could  be  determined. 

Mineralogicallv,  the  beach  sands  are  very  immature. 
In  the  light  mineral  fraction,  quartz  and  feldspar  gen¬ 
erally  occur  in  a  1:1  ratio  with  some  local  variation, 
but  the  potash-plagioclase  ratio  is  about  1 : 5.  These 
arkosic  sands  contain  intermediate  to  calcic  plagioclase 
feldspar  (andesine  to  labradorite),  and  orthoclase  gen¬ 
erally  predominates  over  microcline  in  the  potash 
feldspars. 

Although  the  bulk  of  the  light  mineral  fraction  is 
quartz  and  feldspar,  it  invariably  contains  about  ten 
percent  “yellow  grains”  (primarily  weathered  feld¬ 
spars,  chert,  and  volcanic  rock  fragments)  and  five 
percent  assorted  rock  fragments  (chiefly  basalt,  ande¬ 
site,  felsitc,  metaquarUitc,  schist,  and  chert).  These 
components  occur  in  a  constant  2:1  ratio  over  the 
length  of  beach  sampled  and  in  a  coastal  terrace  de¬ 
posit  along  the  northern  beach.  Because  the  yellow 
colored  grains  are  such  a  diagnostic  and  easily  recog¬ 
nizable  characteristic  of  the  beach  sands,  they  serve 
as  an  excellent  tracer  for  the  movement  of  marine 
sands  into  and  within  other  environments. 

Concentrations  of  heavy  minerals  in  all  beach  sands 
from  the  lower  foreshore  range  from  less  than  one 
,  erceot  in  the  vicinity  of  the  jetties  to  12  percent  two 
miles  north  on  the  northern  beach.  However,  the 
average  concentration  on  both  beaches  is  3.5  percent. 
The  higher  concentration  of  “heavies"  in  the  beach 
sands  north  of  the  jetties  on  the  northern  beach  may 
he  due  to  the  higher  percentage  of  heavy  minerals  in 
the  adjacent  terrace  sands.  The  heavy  minerals  in 
the  terrace  sands  are  further  concentrated  by  small 
streams  ami  creeks  that  empty  onto  the  beach. 

The  marine  suite  of  heavy  minerals,  which  is  char¬ 
acteristic  of  the  sands  in  the  beach  environment,  is 
shown  in  a  frequency  diagram  (Fig.  71.  Four  beach 
stations.  *wo  north  and  two  south  of  the  hay  entrance, 
were  selecied  for  comparison  of  heavy  mineral  assem¬ 
blages  Although  the  heavy  mineral  specie*  of  both 
beaches  are  the  same,  the  frequency  of  occurrence  of 
several  species  varies  significantly  over  the  stretch 
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Fig.  7.  Heavy  mineral  profile  of  the  ocean  beaches 
flanking  Yaquina  Bay.  The  bay  entrance  is  marked  by 
the  vertical  broken  line. 


of  beach  sampled.  Magnetite-ilmenite-chromite  is  six 
times  more  abundant  in  the  sands  of  the  northern 
beach  than  in  the  southern,  but  leucoxene  is  only  one- 
half  as  abundant.  Even  though  the  relative  frequency 
of  each  opaque  species  varies  along  the  beach,  the 
total  percentage  of  opaque  minerals  remains  constant. 
The  relative  frequency  of  non-opaque  minerals  is  the 
same  over  most  of  the  beaches  with  the  exception  of 
garnet,  which  is  three  times  more  abundant  two  miles 
north  of  the  jetties  on  the  northern  beach  than  at  any 
other  location.  The  relative  percentages  of  garnet  and 
opaque  minerals  in  the  sands  of  the  north  beach  coin¬ 
cide  with  those  of  the  terrace  depos't  sampled  in  that 
area. 

Although  the  mineralogy  of  the  light  and  heavy 
mineral  fractions  of  the  upper  foreshore  dune  sands  is 
identical  to  that  of  the  lower  foreshore  sands,  there  is 
a  significant  increase  in  the  total  heavy  mineral  con¬ 
tent.  The  heavy  mineral  concentration  of  the  upper 
foreshore  dunes  reaches  a  maximum  of  40  percent  of 
the  total  sediment  and  averages  21  percent  for  the 
four  samples  collected.  However,  the  two  upper  fore¬ 
shore  dune  samples  on  either  side  of  the  twin  jetties 
average  only  about  six  percent  u.  heavy  minerals, 
which  is  probably  due  to  the  low  |>ercentage  of 
“heavies”  on  the  lower  foreshore  in  these  areas. 

(  iHlShtl  Punts 

The  dune  environment  is  comprised  of  a  series  of 
disrupted  transitory  and  semi -stable  coastal  dunes  that 
lie  landward  of  the  southern  ocean  beach  and  along 
the  southwestern  border  of  the  estuary  adjacent  to 
Southl-  ach.  This  undulating  surface  of  separated  dune 
ridges  .s  progressively  being  shifted  to  the  east  into 
an  adjacent  forested  area  and  onto  Southheach. 

Like  the  upper  foreshore  beach  dunes,  the  transi¬ 
tory  coastal  dunes  are  composed  of  fine  sands.  Their 
average  median  diameter  is  195  ft.  They  are  excel¬ 


lently  sorted  (<r<p  average,  0.23)  and  are  skewed  to 
the  coarse  fraction  (a*  average,  —0,19).  The  semi¬ 
stable  dune  masses  are  finer  grained  (median  diameter 
average,  181  ft)  and  somewhat  better  sorted  than  the 
transitory  dunes. 

There  is  a  significant  difference  in  particle  round¬ 
ness  between  the  sands  of  the  coastal  dunes  and  of  the 
upper  foreshore  dunes.  Coastal  dune  sands  exhibit  the 
full  spectrum  of  rounding  but  for  the  most  part  are 
subrounded,  whereas  the  beach  dune  particles  are  sub- 
angular  to  subrounded  or  slightly  more  angular.  The 
higher  degree  of  roundness  of  the  coastal  dune  sands 
may  be  attributed  to  the  vigorous  abrasive  action  of 
the  wind  over  a  long  time  or  to  the  selective  winnow¬ 
ing  of  rounded  particles  or  both.  Typical  surface  tex¬ 
tures,  such  as  pitting  and  frosting  that  accompany 
dune  sands,  are  readily  discernible  and  prominent  in 
these  sands. 

As  was  noted  in  the  sands  of  the  beach  dunes,  the 
coastal  dunes  are  also  exceptionally  high  in  heavy 
mineral  content.  These  sands  have  "heavy”  concen¬ 
trations  that  range  between  22  and  62  percent  of  the 
total  sand  fraction.  The  distribution  of  volume  of 
"heavies"  is  irregular  in  the  area  sampled. 

Both  the  light  and  heavy  mineral  assemblages  of 
tl  e  coastal  dune  sands  are  similar  to  those  found  in 
the  lower  foreshore  sands  of  the  beaches  adjacent  to 
the  bay  and  in  the  terrace  deposit  north  of  the  toy 
entrance.  The  mincralogical  similarity  suggests  that 
the  recently  migrating  coastal  dunes  were  probably 
derived  from  the  Pleistocene  terrace  sands  and  nearby- 
beach  sands  in  the  Yaquina  Bay  area. 

Estuarv  Channel 

Yaquina  Estuary  is  divided  into  two  physiographic 
areas,  the  river  channel  and  marginal  tidal  flats.  In¬ 
cluded  with  the  two  large  tidal  flats  arc  numerous 
sloughs  that  empty  into  the  main  channel.  The  river 
channel  is  by  far  the  larger  of  the  two  areas.  Its 
depth  is  variable  but  decreases  gradually  with  distance 
upstream  as  does  its  width. 

Sediments  in  the  channel  (Fig.  8),  from  the  en¬ 
trance  to  Oncatta  Point,  arc  coinjiosed  of  fine  to  me¬ 
dium  sand  and  have  the  same  average  median  diame¬ 
ter  i  217  p  i  as  the  fine  to  medium  sand  of  the  lower 
foreshore  of  the  beaches.  However,  the  range  ill 
grain  sire  is  greater  (  150-291  ft  compared  with  185- 
254  ft  respectively  i  These  sands  are  not  as  well 
sorted  iito  average.  0.391  as  the  lieaeh  sands  ami 
generally  are  more  coarsely  skewed  i  average. 
— 0.11  I.  The  channel  sediments  grade  laterally  into 
[Hxirly  sorted,  very  fine  sand  between  Coqmlle  Point 
and  Oneatta  Point. 

In  the  vicinity  of  Oneatta  Point  there  is  a  market 
local  gradation  m  the  channel  from  the  fine  sand 
seaward  of  the  point  to  medium  sand  let  ween  Oneatta 
Point  and  a  position  I  <>  miles  upstream  from  the 
|>oint  Sediments  upstream  from  Oneatta  Point  are 
characterised  by  alternating  longitudinal  rones  of  fine 
and  medium  sand,  except  for  an  occasional  coarse 
sand  lem  between  Toledo  and  Elk  City.  In  contrast 
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Fig.  8.  Distribution  of  sediment  types  in  Yaquina  Bay,  according  to  the  nomenclature  diagram  proposed  by  Fhepard 
(1954). 


to  the  estuary  below  Oneatta  Point,  the  sediments  be¬ 
tween  Oneatta  Point  and  Toledo  have  a  larger  aver¬ 
age  median  diameter  (  279  p  i .  are  more  poorly  sorted 
( o<b  average.  0  49).  and  are  generally  skewed  to  the 
fine  size  fraction  ( <»<,  average.  0.09). 

Channel  sediments  between  the  estuary  entrance  and 
Oneatta  Point  are  generally  subangular  to  suhrounded, 
but  between  Oneatta  I’oint  and  McLean  Point  there 
is  a  progressive  increase  in  particle  roundness  with 
distance  downstream.  Seaward  of  Mcl-ean  Point  no 
gross  changes  in  roumlness  could  be  determined,  but 
discrete  components  of  well-rounded  grains  were  ob¬ 
served.  Since  the  adjacent  transitory  coastal  dunes 
are  the  only  sediments  in  the  lay  having  these  grain 
projiertics,  and  the  wind  direction  and  velocity  are 
favorable  for  the  transport  of  dune  sands  into  this 
|>ortion  of  the  estuary,  these  sediments  undoubtedly 
contain  varying  admixtures  of  dune  sands. 

landward  of  Oneatta  Point  the  channel  sediments 
are  usually  angular  to  suhangutar,  and  are  therefore 
significantly  more  angular  than  those  seaward  of  the 


jwint.  They  are  definitely  the  most  angular  sediments 
in  the  Yaquina  Bay  area. 

The  progressive  increase  in  particle  roundness  sea¬ 
ward  cf  Oneatta  Point  is  largely  the  result  of  increas¬ 
ing  amounts  of  the  more  rounded  beach  and  dune 
sands  with  decreasing  percentages  of  angular  fluvi- 
atile  sediments,  rather  than  the  customaiy  rounding 
due  to  abrasion  during  transport  with  distance  down¬ 
stream. 

The  ratio  of  quartz  to  feldspar  for  channel  sedi¬ 
ments  can  be  divided  into  two  groups:  those  greater 
than  one,  seaward  of  Oneatta  Point ;  and  those  less 
than  one.  landward  of  the  point.  As  a  rule,  the  dif¬ 
ference  in  the  ratios  of  these  two  components  is  not 
great,  hut  a  general  trend  docs  exist.  The  low  ratio* 
upstream  of  Oneatta  Point  reflect  the  arkosic  com¬ 
position  of  the  central  Oregon  Ox*»t  Range  rocks. 
The  higher  percentages  of  quartz  iu  the  sediments 
seaward  of  Oneatta  Point  are  probably  because  of  the 
addition  of  beach  and  dune  sands,  which  contain  more 
quartz  than  feldspar,  rather  than  because  of  the  de- 
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•traction  of  feldspars  in  transit  with  distance  down¬ 
stream.  As  is  generally  the  case  for  all  sediments  in 
the  Yaquina  Bay  area,  the  potash-plagioclase  feldspar 
ratios  are  low  (average  0.1S)  but  consistent. 


Fig.  9.  Relationship  between  "yellow  grains"  and  ruck 
fragments  from  the  hay  entrance  to  Oneatta  Point.  Sta¬ 
tion  20  is  locates!  at  the  bay  entrance  and  station  29  near 
Oneatta  Point. 


The  "yellow  grain"  and  rock  fragment  relationship 
characteristic  of  the  beach  and  dune  sands  was  also 
observed  in  the  channel  sediments  from  the  bay  en¬ 
trance  to  Oneatta  Point  (Fig.  9).  For  about  1.3  miles 
upstream  front  the  bay  mouth,  the;*  two  components 
occur  in  nearly  the  same  ratio  (2:1)  as  those  in  the 
beach  sands.  However,  an  inversion  in  the  abundance 
of  these  two  components  occurs  1.5  miles  from  the 
entrance,  indicating  the  beginning  of  the  influence  of 
fluviatile  sedimentation.  From  the  turning  bar::-,  ad¬ 
jacent  to  McLean  Point  to  Oneatta  Point,  "yellow 
grains”  decrease  gradually  in  abundance  and  finally 
terminate  at  the  upstream  extremity  of  marine  sedi¬ 
mentation. 

Heavy  mineral  concentrations  of  more  than  15  per- 
cent  occur  in  the  line  sands  of  the  channel  banks  or 
sand  flats  near  Southbeach,  and  on  the  margin  of  the 
prominent  sand  spit  that  projects  northeastward  into 
the  estuary.  This  increase  in  heavy  mineral  content 
is  attributed  to  the  eolian  tran$|iort  of  heavy  minerals 
from  the  dunes  to  the  channel  banks  when  the  wind 
direction  is  from  south  to  southwest,  usually  in  the 
winter. 

Three  distinctive  suites  of  heavy  minerals,  marine, 
inarine-fluviatile,  and  fluviatile,  are  recognized  front 
the  entrance  of  the  estuary  to  its  head  near  F.lk  City. 


Fig  10  Heavy  mineral  vanattnm  slnng  a  24-milr  longitudinal  profile  catrndmg  from  the  entrance  ol  Yamuna 
to  one  mile  above  the  head  •<(  the  estuary 
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Fig.  11.  Transverse  heavy  mineral  profile  (A-A') 
across  South  beach  Tidal  Flat  and  Sally's  Bend  Tidal 
Flat  in  Yaquina  Bay.  The  broken  line  indicates  the  inter¬ 
vening  river  channel. 

The  greatest  variation  in  the  heavy  mineral  assem¬ 
blage  in  the  hay  area  can  be  seen  in  the  longitudinal 
profile  of  the  24  miles  of  estuary  and  river  drainage 
sampled  (Fig.  10 1 . 

The  marine  assemblage  is  prominent  between  the 
estuary  entrance  and  McLean  Point,  anti  terminates 
where  the  first  ap|iearance  of  the  micas  marks  the 
beginning  of  fluviatile  influence.  When  the  heavy 
mineral  species  in  this  portion  of  the  channel  are  com¬ 
pared  with  those  of  the  beaches,  it  can  be  seen  that 
the  gross  mineralogy  is  the  same.  The  ratio  of  leti- 
coxcne  to  magnetitc-ilmenite  chroinilc.  for  example, 
is  similar  to  that  found  on  the  southern  shore. 

Tlte  marine-fluviatile  suite  occurs  between  the  ma¬ 
rine  inland  boundary  and  Oneatt*  Point.  In  this  seg¬ 
ment  of  the  channel  the  marinc-fluviatile  assemblage 
of  heavy  minerals  is  characterited  by  the  presence  of 
the  micas,  muscovite  and  hiotite.  and  a  reduction  in 
the  number  of  species  and  the  abundance  of  such 
metamorjihic  minerals  as  kyanite.  staurnlite.  and  silli- 
mamtr  The  inland  boundary  of  the  marine-fluviatile 
sediments  is  marked  by  the  abrupt  termination  of  the 
metamorphie  minerals  and  of  two  pyroxenes,  hyper- 
sthctie  and  diopside. 

The  ftuviatile  suite  extends  upstream  from  the 
martnr-fluviatilr  inland  boundary  in  the  stonily  of 
Oneatta  Point  and  reaches  to  the  head  of  the  estuary 
above  Klk  City.  This  assemblage  is  characterited  by 


a  marked  increase  in  abundance  of  micas  upstream 
and  a  decrease  of  the  opaque  minerals.  Hematite  and 
linionite  are  prominent  in  the  sediments  of  this  por¬ 
tion  of  the  estuary. 

Tidal  Flats 

A  comparison  of  the  two  major  tidal  fiats  on  the 
basis  of  grain  site  shows  that  Sally’s  Bend  Tidal  Fiat 
is  substantially  finer  grained  than  Southbeach  Tidal 
Flat  ( Fig.  8).  The  channel  bunks  bordering  both  flats 
are  composed  of  fine,  moderately  sorted  sand.  The 
similarity  of  the  two  flats  ends  here. 

Southbeach  Tidal  Flat  is  composed  of  fine  sand, 
with  the  exception  of  one  isolated  area  of  very  fine 
sand.  The  sediments  of  this  flat  are  moderately  to 
poorly  sorted  (e+  average,  1.00)  Mid  are  skewed  to 
the  fine  fraction.  In  contrast,  the  st  diments  of  Sally’s 
Bend  Tidal  Flat  grade  laterally  away  from  the  chan¬ 
nel  from  fine  sand  to  silt.  There  is  also  a  progressive 
decrease  in  sorting  away  from  the  channel,  which 
results  from  increasing  admixtures  of  finer  sediments 
toward  the  north  shore  of  the  flat. 

When  the  tidal  flats  are  compared  on  the  basis  of 
particle  roundness,  the  sediments  of  Sally’s  Bend  Ti¬ 
dal  Flat  appear  to  be  more  related  to  the  sediments 
of  fluviatile  origin  and  those  of  Southbeach  Tidal  Flat 
to  those  of  marine  origin.  However,  the  variation  in 
grain  sire  may  account  for  this  difference  in  roundness 

The  “yellow  grains"  occur  only  on  the  southern 
shore  of  Southbeach  Tidal  Flat  and  usually  in  small 
percentages.  Here  they  are  derived  from  the  adjacent 
terrace  sands  that  make  up  the  foundation  of  a  road 
that  borders  thr.*  shore, 

A  comparison  of  the  percentage  of  heavy  minerals 
in  the  sand  fraction  of  the  sediments  of  the  two  tidal 
flats  shows  that  on  Southbeach  Tidal  Flat  the  con¬ 
centration  of  "heavies”  ( 15  percent)  is  more  than 
twice  that  on  Sally’s  Bend  Tidal  Flat  (7  percent). 
Areas  of  highest  heavy  mineral  content  on  Sally’s 
Bend  Tidal  Flat  occur  in  the  fine  sands  of  the  channel 
hanks,  while  the  fine  sands  of  the  south  shore  of 
Southbeach  Tidal  Flat  cuntain  the  highest  percentage 
of  "heavies”  (  20  percent ». 

The  profile  A-A’  ( Fig.  1 1 )  shows  the  heavy  min¬ 
eral  distribution  and  frequency  across  approximately 
two  miles  of  tidal  flat  and  the  intervening  river  chan¬ 
nel.  Although  the  heavy  mineral  assemblage  of  both 
tidal  flats  is  characteristic  of  the  marine-fluviatile 
suite,  there  are  major  differences  that  distinguish  the 
two  flats.  For  example.  Sally’s  Bend  Tidal  Flat  has 
a  significantly  higher  concent  ration  ot  micas  t  mus¬ 
covite  predominating  over  htotile  in  a  2~  I  ratio)  than 
does  Southbeach  Tidal  Rat.  In  the  Yaquina  Rivet 
drainage  muscovite  also  is  more  abundant  than  btathe. 
Also  more  common  to  Sally's  Bend  Tidal  Rat  are  the 
opaque  minerals,  hematite  and  limunitr,  and  augitr 
and  hornblende.  There  is  a  marked  decrease  and  often 
an  absence  of  such  metamorphie  minerals  as  stastro- 
lite.  kyamtr,  siilimamte.  and  tourmaline  and  a  notice- 
ah-’e  decline  in  the  abundance  of  garnet,  dttpmdr.  and 


’tim-i* --’V  'I'lK'f11'  flMHS 1  ift  &£$ 


236 


ISTUAUKS:  SEDIMENTS  AND  SEDIMENTATION 


Tr 


.} 

% 


hypersthene  on  Silly’s  Bend  Tidal  Flat  as  compared 
with  South  beach  Tidal  Flat. 

Sediment  Soueces 

The  source*  of  Recent  sediments  in  the  Yaquina 
Bay  area  are  diverse  and  widespread.  The  chief 
sources  of  sediment  carried  by  the  Yaquina  River 
drainage  to  Yaquina  Bay  are  the  Tertiary  sandstones, 
siltstones,  mudstones,  and  basic  intrusive  rocks  of  the 
central  Oregon  Coast  Range.  Near  the  bay  mouth, 
Pleistocene  marine  terrace  sands  and  estuarine  de¬ 
posits  have  been  reworked  by  the  wind  and  by  tidal 
atnents.  These  sediments  have  been  incorporated 
into  the  Recent  beach,  dune,  and  estuarine  deposits. 
Since  the  beach  sands  are  trans^-orted  along  the  coast 
by  seasonal  littoral  drift,  other  distant  sources  of  sedi¬ 
ment  may  include  the  Klanu  th-Sitkyou  Mountain 
complex  in  southern  Oregon  an j  northern  California, 
and  the  numerous  geological  provinces  of  the  Colum¬ 
bia  River  drainage  basin. 

PROCESSES  Of  TBANSroKTATlOX  AND  DEPOSITION 

Sites  and  Rates  of  Deposition 

In  Yaquina  Bay,  known  areas  of  shoalir.g  occur  on 
the  bar,  in  the  main  channel,  and  in  the  turning  basin 
adjacent  to  McLean  Point  The  shoaled  areas  have 
maintained  a  fairly  constant  position  with  only  minor 
changes  in  the  deposition!)  pattern  from  1950  to  1961. 
On  the  basil  of  material  removed  by  dredging,  the 
average  rate  of  sedimentation  in  the  channel  between 
the  entrance  of  the  twin  jetties  and  the  upstream  end 
of  the  turning  basin  is  estimated  to  be  nine  inches  per 
year.  Marine  sand  is  the  principal  shoaling  material 
in  these  areas. 

Extensive  deposition  has  occurred  on  the  southern 
ocean  beach  behind  the  south  jetty  since  its  construc¬ 
tion  in  1888.  This  barrier  to  the  northward  longshore 
drift  has  caused  the  shoreline  to  prograde  seaward 
with  each  new  addition  of  the  seawall.  An  estimated 
27 5  cuhjc  yards  ot  material  have  accumulated  an¬ 
nually  from  1 888  to  196).  On  the  other  hand,  very 
little  sediment  ha*  accumulated  behind  the  north  jetty 
on  the  northern  ocean  beach.  Such  jihvsiographic 
barriers  as  Yaquina  Head  and  several  shallow  off¬ 
shore  reefs  apparently  divert  or  disrupt  the  southward 
drift  of  beach  sands  between  Yaqustu.  Head  and  the 
entrance  of  Yaquina  Bay.  thus  inhibiting  the  supply 
of  sediment  to  the  northern  ocean  beach 

Seasonal  }-i»chialionj 

Four  fae.ors  influence  the  rate,  magnitude,  and  ee- 
tent  of  scdimenUtKKi  ,-ft  Yaquina  Bay.  They  are  ihe 
tvpe  ot  e*tuaru«e  nyslem.  riser  runoff,  direction  of 
litSnra*  drift,  and  wind  direction.  AH  factor*  are 
related  to  wrtcocokigwjl  rondituavs  and.  consequently, 
change  with  leaweti!  climatic  fluctuations 

SeibrsmtatKel  >n  Yaquina  Bay  ajipear*  to  be  largely 
iratrcaJ  i  Fig  I2i  Maximum  dcpmMmn  ocr.if*  tn 
the  lay  during  the  winter  and  rarly  spring.  At  this 
tune  river  rtunSf?  »»  highest,  the  longshore  drift  it 


from  south  to  north,  and  the  highest  velocity  winds 
originate  from  the  southwest.  During  periods  of  high 
runoff,  the  tidal  circulation  pattern  of  the  partly  mixed 
estuarine  system  is  especially  effective  in  transporting 
drifting  beach  sands  into  the  entrance  of  the  estuary. 
This  is  also  the  period  of  maximum  contribution  of 
suspended  sediment  to  the  estuary  by  the  river.  Strong 
southwest  winter  winds  also  enhance  the  movement  of 
coastal  dune  sands  into  the  tidal  entrance  and  onto  the 
southwestern  shore  of  Scuthbeaeh  Tidal  Flat. 

During  the  summer  and  early  fall  deposition  is  at 
a  minimum  because  precipitation  is  negligible,  littoral 
drift  is  from  north  to  south,  and  the  relatively  low 
velocity  winds  are  predominantly  from  the  northwest. 
In  summer  the  well-mixed  estuaiine  system  inhibits 
the  transport  of  marine  sands  into  the  estuary,  since 
there  is  a  net  non -tidal  flow  outward  at  all  depths. 
The  physiography  of  the  coast  north  of  the  hay  en¬ 
trance,  especially  Yaquina  Head,  and  nearshore  reefs 
impede  the  supply  of  sediment  from  the  north,  thus, 
little  marine  sand  it  available  for  deposition  onshore 
or  in  the  estuary.  The  predominant  northwest  winds 
also  divert  the  coastal  dune  sands  away  from  the 
southwest  shore  of  the  hay  entranee. 

CONCLUSIONS 

Three  realms  of  deposition,  marine,  fluviatilr,  and 
nurine-fli>viatiic.  can  be  defined  in  Yaquina  Bay  on 
the  basis  of  sedim  nt  texture  and  Mineralogy. 

Sedimentation  in  Yaquina  Bay  appears  to  be  largely 
seasonal.  Maximum  deposition  occurs  in  the  bay  dur¬ 
ing  the  winter,  whereas  very  little  deposition  occurs 
in  tl»e  summer. 

The  chief  sources  of  Recent  sediments  in  the  Ya¬ 
quina  Bay  area  are  the  Tertiary  rocks  of  the  central 
Oregon  Coast  Range,  the  Pleistocene  marine  terrace 
sands  and  estuarine  deposits  near  the  bay  mouth,  and 
the  Recent  transitory  beach  and  dune  sands  that  flank 
the  hay  entrance. 

Marine  sand  from  the  adjacent  ocean  beaches  t> 
transported  i*v  strong  tidal  currents  to  Oneatta  Point, 
six  miles  inside  the  entra.ice  to  the  estuary.  Nearby 
coastal  dune  sands  ate  blown  into  the  tidal  channel 
near  the  mouth  the  estuary  and  onto  the  south¬ 
western  shore  of  South  beach  Tula!  Flat  hr  strong 
onshore  w  intis.  Suspended  sediments  are  contributed 
by  the  Yaquina  River  during  periods  of  high  runoff 

Tlie  type  of  estuarine  system  present  at  any  given 
time  in  Yaquina  Bay  is  dependent  upon  seasonal  and 
annual  climatic  conditions.  In  general,  from  June  to 
Oct nier  all  existing  data  indicate  the  estuarine  system 
is  well  mixed,  bo!  it  may  alternate  hrtween  a  well- 
mixed  to  partly  mixed  systrns  from  November  to 
Mur.  The  precipitation  recorded  at  Newport  reflect* 
the  tvpe  ot  estuarine  system  present  during  each 
month  of  the  vrar  for  any  given  vrar 

In  Yaquma  Has  known  area*  of  shoaling  iwcur 
on  the  har.  in  the  mam  channel,  ami  in  the  turning 
bavin  The  shoaled  areas  have  maintained  a  fairly 
constant  position  fr«n  l950  tn  1961  Estimated  aver¬ 
age  rale  of  deqxvsiitan  in  the  dredged  -hamscl  is  nine 
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inches  per  year.  Marine  sand  is  the  principal  shoaling 
material  in  these  areas. 

As  a  result  of  jetty  construction  in  1888,  and 
through  subsequent  additions,  extensive  deposition  has 
occurred  on  the  southern  ocean  beach  behind  the  south 
jetty.  An  estimated  275  cubic  yards  of  material  has 
accumulated  annually  from  1888  to  1961. 
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the  Department  of  Oceanography,  Oregon  Statt  Univer¬ 
sity.  The  writers  wish  to  express  their  sincere  appreci¬ 
ation  ti  Neil  Maloney,  Douglas  Manske,  and  Donald 
Rosenberg  who  contributed  their  time  and  efforts  to  the 
field  sampling  program.  Several  agencies  are  gratefully 
acknowledged  for  donating  data  used  in  this  manuscript ; 
these  include  the  U.S.  Coast  and  Geodetic  Survey,  the 
U.S.  Army  Corps  of  Engineers  (Portland  District),  the 
U.S.  Bureau  of  Mines  (Albany,  Oregon),  and  the  en¬ 
gineering  firm  of  Cornell,  Howland,  Hayes,  and  Merrv- 
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The  Sediments  of  Chesapeake  Bay 
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Chesapeake  Biolot/ical  Laboratory,  Natural  Resources  Institute,  University  of  Maryland,  Solomons,  Maryland 


Most  recent  investigators  of  sediments  have  been 
concerned  with  the  physical  and  chemical  properties 
of  sediments  in  areas  where  the  environments  of 
deposition  have  a  relatively  stable  oxygen  concentra¬ 
tion  in  the  water  column.  Some  characteristics  of 
typical  sediments  from  several  of  these  modern  basins 
are  presented  in  Table  1. 

Light-colored,  rather  homogenous,  oxidized  sedi¬ 
ments  are  found  in  the  Norwegian  Sea,  Wakasa  Bay 
in  Japan,  along  the  shelves  of  Iceland,  and  the  At¬ 
lantic  and  Gulf  Coasts  of  the  United  States,  to  men¬ 
tion  a  tew.  In  these  environments,  the  water  column 
is  oxygenated  throughout,  and  benthic  organisms  are 
abundant. 

In  parts  of  the  Black  and  the  Baltic  Seas,  in  some 
of  the  offshore  California  basins,  and  in  Lake  Mara¬ 
caibo,  the  lower  part  of  the  water  column  is  perma¬ 
nently  low  in  oxygen.  The  sediments  are  dark  colored 
and  generally  chemically  reducing,  and  ber.thic  organ¬ 
isms  are  absent  or  rare. 

The  shallow  waters  of  Chesapeake  Bay  are  always 
oxygenated,  but  deeper  waters  are  periodically  oxygen- 
deficient  ( Pritchard,  1952).  In  an  areal  survey  of  the 
physical  parameters  of  Bay  sediments.  Ryan  (1953) 
found  that  most  of  the  sediments  were  dark  colored, 
evolved  hydrogen  sulfide,  and  were  occasionally  lami¬ 
nated  or  banded. 

The  investigation  reported  in  this  article  was  under¬ 
taken  to  determine  the  processes  of  sedimentation  and 


early  diagenesis  in  Chesapeake  Bay  sediments,  in  view 
of  the  unstable  hydrography  of  the  area. 

To  this  end,  120  coring  stations  were  located  in  a 
ntid-Bay  area  adjacent  to  Solomons,  Maryland  (Fig. 
1).  This  study  area  has  a  deep  trough  extending  its 
length,  a  marked  depletion  of  oxygen  in  the  trough 
during  the  summer  months,  and  thick  black  sediments 
in  the  deeper  areas  (Ryan,  1953). 

Chemical  Properties  of  the  Bay  Waters 

The  water  salinities  in  all  parts  of  Chesapeake  Bay 
vary  seasonally  and  daily,  and  in  many  places,  tidally. 
The  distribution  of  mean  annual  salinity  in  the  Bay  is 
presented  by  Whaley  and  Hopkins  (1952).  The  cir¬ 
culation  of  the  Bay  is  such  that  dense  oceanic  water 
flows  beneath  light  river-derived  water  in  a  two-layer 
system  (Fig.  2).  At  all  seasons  there  is  considerable 
vertical  mixing  of  these  layers,  but  during  the  sum¬ 
mer  and  fali  the  surface  waters  are  wanner  and  less 
saline,  and  the  boundary  between  the  layers  is  most 
distinct. 

Data  from  Cruises  1-7  of  the  Chesapeake  Bay  In¬ 
stitute  indicate  that  in  the  late  fall,  winter,  and  spring, 
the  waters  at  all  depths  in  the  Bay  are  nearly  satu¬ 
rated  with  oxygen.  Oceanic  waters  enter  the  Bay 
over  the  sill,  they  then  flow  into  the  deeper  basins, 
and  gradually  migrate  toward  the  head  of  the  Bay. 
Biological  and  chemical  processes  remove  oxygen 


Table  1.  Some  characteristics  of  modern  marine  basins. 


Sedimentary 


Area 

Sediment  color 

structures 

Hydrography 

Lake  Maracaibo 

(1) 

black  and  gray-green 

banding 

low  oxygen 

Black  Sea 

(2) 

black  and  gray 

banding  and 
laminations 

low  oxygen 

Baltic  Sea 

(3) 

bhek  and  gray -green 

banding 

low  oxygen 

California  basins 

(4) 

dark  gray-green 

banding 

low  oxygen 

Norwegian  Sea 

(5) 

light  brown 

homogeneous 

well  aerated 

Iceland  Shelf 

(6) 

light  brown 

homogeneous 

well  aerated 

Wakasa  Bay,  Japan 

(7) 

light  brown 

homogeneous 

well  aerated 

East  Coast,  U.  S. 

(8) 

light  brown 

homogeneous 

well  aerated 

Dutch  Wadden  Zee 

(9) 

light  brown  at  surface 

handing  and 
laminations 

well  aerated 

(I)  Rtdfirld,  1958;  (2)  Smirnow,  195S;  (J)  Manhtira,  1961:  (4)  Em  fry  tnd  Ritttnbrrf,  1952;  (5)  Gorthkovk,  1960;  (6)  Htruock, 
I960;  (2)  Nino  1950;  (8)  Moore  end  Goriline,  1960;  (9)  V»n  Slrealen,  1954. 
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Fig.  1.  Location  and  bathymetry  of  study  area. 


from  these  waters  as  they  move  northward  during  the 
summer  months,  and  oxygen  depletion  results. 

Typical  summer  oxygen  profiles  reveal  the  charac¬ 
teristic  loss  of  oxy ;  Jn  as  these  deeper,  more  saline 
waters  move  northward.  Below  40  ft.,  oxygen  de¬ 
pletion  is  severe  and  limits  the  growth  of  higher 
organisms. 


Hydrographic  Conditions  in  the 
Bay  East  of  Soi.omons,  Maryland 

The  bathymetry  of  the  study  area  east  of  Solomons 
(Fig.  1)  is  similar  to  that  of  the  rest  of  the  Bay. 
Maximum  depth  of  154  ft.  in  the  study  area  occurs 
on  its  eastern  margin.  From  May  through  October, 


THE  SEDIMENTS  OF  CHESAPEAKE  BAV 


241 


Fig.  2.  North-south  schematic  circulation  pattern  in 
Chesapeake  Bay  estuarine  system  (Pritchard,  1952). 


vertical  mixing  is  at  a  minimum  and  water  stratifica¬ 
tion  at  a  maximum  (Fig.  3). 

Oxygen  content,  as  determined  by  the  Winkler 
method,  decreases  to  zero  to  0.5  ml/1  in  some  of  the 
deepest  areas  during  this  period.  For  the  remainder 
of  the  year  a  salinity-temperature  stratification  re¬ 
mains,  although  it  is  not  sharp  nor  characterized  by 
the  depletion  of  oxygen  in  the  deeper  water. 

SEDIMENTS  OF  THE  STUDY  AREA 

Data  from  long-term  hydrographic  stations  main¬ 
tained  by  the  Chesapeake  Biological  Laboratory  in  the 


Bay  east  of  Solomons  (Fig.  3)  reveal  that  the  zone 
of  marked  transition  in  temperature,  salinity,  and  oxy¬ 
gen  content  occurs  at  a  depth  between  40  and  50  ft., 
thus  defining  the  minimum  depth  of  oxygen-deficient 
conditions  during  the  summer  months.  A  preliminary 
survey  of  the  bottom  sediments  indicated  that  deep¬ 
water  silts  and  clays  grade  into  shallow-water  sands 
at  a  depth  of  about  30  ft.  The  eastern  and  western 
boundaries  of  the  study  area  were  defined  as  the 
shallowest  zone  in  which  silt-  and  day-sized  particles 
predominate  in  the  sediments.  In  the  particular  re¬ 
gion  of  the  Bay  east  of  Solomons  Island,  this  defini¬ 
tion  of  the  boundary  facilitates  study  of  fine-grained 
sediments  in  three  rather  distinct  hydrologic  zones: 

(1)  the  bottom  sediments  at  depths  less  than  40  ft., 
where  the  water  column  is  continuously  oxygenated ; 

(2)  those  sediments  lying  between  the  40-ft.  and  50-ft. 
contours,  where  the  hydrologic  conditions  are  transi¬ 
tional  and  fluctuating;  and  (3)  those  sediments  found 
below  the  50-ft.  contour,  where  extreme  oxygen  de¬ 
ficiency  prevails  during  the  summer  months. 

Sampling  and  Storage 

After  definition  of  the  borders  of  the  study  area,  a 
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grid  system  of  120  squares,  each  800  yd.  on  a  side, 
was  used  as  a  sampling  guide.  Samples  were  taken 
with  a  3- ft.  gravity  corcr  at  all  stations  where  the 
water  depth  was  less  than  60  ft.,  and  with  a  6-ft. 
Kudenberg  corer  for  deeper  stations.  Precise  location 
entailed  the  use  of  a  sextant  with  landmarks  as  tri- 
angulation  points.  One  station  was  occupied  randomly 
within  each  square.  Location  of  the  stations  is  shown 
in  Figure  4.  All  cores  were  taken  in  plastic  core 
liners,  removed  from  the  corer,  and  sealed  with  plastic 
caps.  Cores  were  returned  to  the  laboratory  after 
each  cruise  and  were  refrigerated  within  ten  hours  of 
sampling. 

Sediment  samples  were  taken  at  both  the  top  and 
bottom  of  each  core,  and  two  samples  each  from  other 
depths  in  the  core  where  recognizable  lithologic  or 
color  changes  occurred  One  sample  from  each  of  the 
horizons  was  quick-frozen  for  future  organic  analysis, 
and  the  second  sample  was  used  immediately  for  anal¬ 
yses  of  parameters  which  may  change  during  storage. 
The  odor  of  IL.S  was  evident  from  all  depths  of  all 
cores  except  those  from  the  shallow  southwestern  por- 
tion  of  the  area. 

The  refrigerated  cores  were  extruded  from  their 
core  liners,  split  longitudinally  with  a  scalpel,  and  ex¬ 
amined  for  gross  physical  characteristics.  Each  core 
was  then  photographed  and  the  depth  to  recognizable 
lithologic  and  color  changes  measured.  No  estimate  of 
compaction  due  to  coring  is  available. 

Physical  Parameters  of  the  Sediments 

Color — All  the  sediments  in  the  study  area  are 
either  black  or  gray-green.  Cores  from  the  shallow- 
areas  are  gray-green  for  their  entire  length,  while  the 
samples  from  deeper  water  are  characterized  by  the 
appearance  of  overlying  black  sediment  whose  thick¬ 
ness  generally  increases  with  increasing  water  depth. 
Exception  to  this  observation  occurs  in  the  central 
portion  of  the  area  where  gray-green  sediment  is  ex¬ 
cised  at  the  surface  at  moderate  water  depths.  The 
contact  between  the  black  ami  gray  sediment  is  usu¬ 
ally  sharp  and  striking  on  a  freshly  cut  surface. 
Figure  5  illustrates  the  thickness  of  the  black  sedi¬ 
ment.  which  varies  from  U-s  than  5  in.  in  the  north 
central  and  western  area,  to  15  in.  in  the  south  central 
portion,  and  to  40  in.  in  the  deep  eastern  channel. 

I'pon  splitting  the  cores,  it  was  noted  that  black 
sediments  laded  to  gray  green  without  drying  in  less 
than  one  hour  of  exposure  to  the  air.  This  suggests 
extreme  instability,  under  normal  laboratory  condi¬ 
tions.  <*t  <Se  material  mqiarting  the  black  color  to  the 
sediments. 

Sedimentary  Stnu  tores — Structures  found  in  the 
sediments  include  color  handing.  Laminations,  shell 
layers,  and  vand  layers  t  Fig  6  >. 

Banding — The  color  bonding  consists  of  alternating 
black  and  gray -green  layers  ranging  in  thickness  front 
I  to  4  in  each.  These  alternating  bands  are  found  an 
the  western  side  of  the  area  only  at  depths  from  40 
to  rt)  ft  in  the  transitional  hydrographic  zone  between 
the  permanently  oxygenated  and  periodically  oxygen- 


starved  environments.  This  banding  does  not  appear 
to  be  continuous  from  station  to  station.  The  black 
portion  of  banded  cores  exhibits  the  same  rapid  fading 
as  does  the  black  sediment  of  the  tops  of  the  unbanded 
deep-water  cores. 

Laminations — Thin  color  laminations  were  found  in 
the  upper  4  in.  of  four  cores,  all  in  the  northern  por¬ 
tion  of  the  study  area,  and  all  at  depths  of  less  than 
60  ft.  These  consist  of  alternating  1  mm  thick  black 
and  gray-green  sediments  in  which  the  black  color 
rapidly  fades  on  short  exposure  to  air.  The  lamina¬ 
tions,  where  observed,  occur  in  zones  from  1  to  3  in. 
thick.  There  is  no  apparent  textured  difference  be¬ 
tween  the  different  color  bands  and  laminations. 

Shell  Layers — Layers  composed  entirely  of  shells 
of  the  pelccypod  Mulinia  lateralis  occur  in  26  of  the 
cores.  The  layers  are  usually  yi  to  1  in.  thick  and 
are  composed  of  specimens  from  5  to  9  mm  long,  most 
of  which  are  still  articulated.  Parker  (1956),  working 
in  the  Mississippi  Delta  region,  found  representatives 
living  in  silty  sand,  sandy  silt,  and  clayey  silt  sub¬ 
strates.  Living  Mnlinia  have  a  wide  distribution  in 
Chesapeake  Bay  at  the  present  time,  according  to  a 
personal  communication  from  H.  Pfitzenmeyer.  Thus, 
a  natural  habitat  of  Mnlinia  may  be  line-grained  sedi¬ 
ments.  The  fact  that  the  Mnlinia  layers  have  a  wide 
distribution  over  the  study  area,  occur  in  discrete 
zones,  and  are  composed  of  articulated  specimens  sug¬ 
gests  that  the  shells  are  in  their  location  of  growth. 
Thus,  perhaps  even  in  the  deepest  parts  of  the  area, 
benthic  environmental  conditions  were  at  one  time 
or  another  conducive  to  growth  of  higher  organisms. 
Lick  of  systematic  variation  in  sediment  depth  where 
Mnlinia  layers  were  found  precludes  their  use  as  a 
time  horizon. 

Sand  Layers — One-  to  three-in.  layers  of  sand-sized 
material  occur  sporadically  in  the  deep  eastern  portion 
of  the  study  area.  The  sands  cannot  be  traced  laterally 
from  one  station  to  the  next  either  parallel  or  per¬ 
pendicular  to  the  axis  of  the  Bay.  They  are  char¬ 
acteristically  composed  of  quartz,  minor  glauconite, 
feldspar,  and  heavy  minerals,  and  rarely  show  graded 
bedding.  Upper  and  lower  contacts  with  the  mud  are 
sharp.  The  sandy  sediments  of  the  deeper  areas  may 
lie  produced  by  slumping  of  the  prominent  underwater 
escarpment  which  borders  the  eastern  edge  of  the 
area. 

Gram  Sue — The  percentage,  by  weight,  of  material 
coarser  and  finer  than  62  n  was  determined  for  38? 
sediments  by  wet-sieving  samples  through  a  230-mesh 
standard  sieve.  The  distribution  of  grain  size  in  the 
surface  sediments  is  illustrated  in  Figure  7.  Emery 
1 19fi0>.  and  others,  found  that  sediments  deposited 
in  the  shallowest  water  contain  the  Largest  percentage* 
of  sand  size  material,  probably  because  of  the  nearby 
source  of  the  sand  and  the  relatively  higher  energy  of 
the  shallow  water  environment  The  Miocene- Pleisto¬ 
cene  sediments  exposed  along  the  western  shore  of  the 
Hay  prov  ide  a  source  of  sand-sized  sediment  and  are 
being  actively  rroded.  The  shallow  water  deposits  of 
the  study  area  are  influenced  by  strong  tidal  currents 
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F«f  7.  Crain  size  in  surface  sediments.  Distribution 
of  the  dry  weight  percentage  of  material  greater  than 
62  »  in  the  surface  sedirent.  Contour  interval— 10  wt  %, 
5%  contour  dashed. 
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and  are  subject  to  the  winnowing  action  o(  rterm 
waves. 

Pipette  analyses  (Krumbein  and  Pettijohn,  19381 
of  several  samples  of  the  <62  m  fraction  front  the 
deeper  areas  of  the  Bay  indicate  that  it  is  composed 
of  approximately  etjual  parts  «»t  silt-  and  clay-size 
material,  probably  a  result  of  the  lower  physical 
energy  in  the  deep  water.  The  bulk  sediment  may  be 
characterized  as  a  sandy  silt  in  the  shallow  areas, 
grading  into  clayey  silt  or  sdtv  clay  i  Trefethen. 
1950i  in  the  deepest  portions  (Table  2>. 

A  histnp  am  of  the  percentage  of  sediment  greater 
than  62  p  for  all  samples  indicates  that  there  is  no 
distinction  between  sediment  color  and  grain  size 
among  l be  tiner-grained  sediments  (  Fig.  8  I 


%  >62  MICRONS 

Fig  8  Relationship  between  s.  t  fraction  greater  than 
62  *  and  trdimrot  color. 


Table  2.  Size  analcses  of  seven  surface  samples 
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Table  3.  Clay  mineral  composition  of  sediments 
sampled  at  the  station  locations  presented  in  Fig.  4. 


Depth 

of 


water 

Sedi¬ 

Depth 

Sam¬ 

(in 

ment 

in 

Chlo¬ 

Kaoli¬ 

ple 

feet) 

color 

sediment 

rite 

Illite 

nite 

16-2 

52 

gray 

4'-  5’ 

31.9* 

41.7* 

26.4* 

16-4 

52 

gray 

12”-13” 

29,8 

42.1 

28.1 

17-2 

60 

gray 

5'-  6" 

38.1 

36.5 

25.4 

17-4 

60 

gray 

18"— 19” 

32.2 

41.9 

25.8 

19-2 

110 

black 

4'-  5* 

30.0 

39.5 

29.6 

19-4 

110 

gray 

14’-15’ 

30.1 

38.3 

29.6 

31-1 

38 

black 

O'-  r 

23.8 

50.4 

25.7 

31-4 

38 

gray 

17'-18” 

25.9 

47.2 

26.7 

53-1 

48 

black 

o’-  r 

31.4 

40.9 

27.1 

33-4 

48 

gray 

ir-i2" 

28.7 

442 

27.7 

35-1 

109 

black 

o'-  r 

33.2 

45.0 

21.8 

35-3 

109 

gray 

14'-15’ 

30.7 

42.6 

26.7 

36-1 

102 

black 

O'-  1" 

29.7 

40.0 

30.3 

36-3 

102 

gray 

39’-40" 

24.1 

37.7 

38.2 

36-5 

102 

gray 

53"-54" 

302 

422 

27.6 

68-1 

31 

black 

O'-  1" 

32.1* 

42.0* 

25.0* 

68-3 

31 

gray 

8’-  9' 

33.0 

43.8 

22.8 

80-1 

45 

black 

O’-  1" 

32.4 

459 

21.6 

80-3 

45 

gray 

7’-  8" 

29.0 

45.0 

25.8 

85-1 

150 

black 

O’-  1“ 

33.7 

40.1 

26.2 

85-3 

150 

gray 

17’-I8' 

302 

39.6 

302 

107-1 

45 

black 

0"-  I" 

31.9 

38.3 

29.7 

107-3 

4S 

gray 

9"-10" 

27.6 

39.4 

329 

107-4 

45 

gray 

19"-20" 

31.7 

34.9 

33.3 

115-2 

55 

gray 

9’-10" 

28.8 

42.3 

28.8 

115-4 

55 

gray 

20’-2t 

31.2 

41.7 

27.1 

118-1 

118 

black 

O’-  1" 

28.3 

38.8 

32.8 

118-3 

118 

gray 

19' -20' 

36.7 

38.3 

25.0 

118-6 

118 

gray 

24'-25" 

285 

38.1 

33.3 

*  Relative  peak  intensities  to  the  hase  100. 


dross  Mineralogy  of  the  Sediment 

The  minerals  in  the  sediment  were  identified  by 
optical,  X-ray,  and  electron  microscope  techniques. 

Coarse  Fractions — The  coarse  fraction  of  the  sedi¬ 
ment  (that  portion  retained  on  a  230-nv.sh  U.  S. 
Standard  sieve)  was  mounted  in  Canada  lialsam  and 
studied  microscopically.  In  all  cases  quartz  comprises 
more  than  90  percent  of  the  sample.  The  grains  are 
subangular  to  subrounded  and  contain  minute  inclu¬ 
sions.  Some  grains  show  undulatorv  extinction.  Feld¬ 
spar,  glauconite,  and  heavy  minerals  comprise  the  re¬ 
mainder  of  the  sample.  The  feldspar  is  rounded  to 
subrounded  and  clouded  by  alteration.  Glauconite, 
conqtosed  of  well-rounded  grains,  occurs  most  com¬ 
monly  in  the  shallow  sandy  samples  and  is  prob¬ 
ably  derived  from  nearby  glauconitic  Cretaceous  and 
Kocenc  formation  Heavy  minerals  consist  of  grains 
of  hornblende,  diopside.  eptdote,  biotite,  garnet,  and 
opaques  (magnetite,  hematite,  and  ilmenite I . 

Fine  Fractions — The  fine  fraction  (all  material 
finer  tha:.  62  ?)  comprises  the  bulk  of  the  sediment  in 
the  study  a*— a.  The  fine  fraction  of  13  samples  was 
divided  into  (>4  n)  and  clay  (<4  *»)  fractions 
Orierted  sam  <  of  both  fractions  were  sedimented 
onto  glass  Mides,  X-rayed  with  Ni-filtered  Cu  K2 
tadiatinu.  glycolatcd,  and  X-rayed  again.  Separate 


samples  were  heated  in  100‘C.  intervals,  from  200*C. 
to  700*C.  and  diffraction  patterns  were  obtained  for 
each  interval.  In  addition,  five  samples  of  the  <2  p 
fraction  were  prepared  for  electron  microscopy. 

Because  of  the  subjectivity  involved  in  »he  interpre¬ 
tation  of  X-ray  diffraction  patterns  of  clav  minerals, 
a  brief  summary  of  the  criteria  used  for  identification 
in  this  study  is  necessary.  The  methods  employed  for 
identification  are  essentially  those  of  Nelson  ( 1960). 

Kaolinite  was  identified  by  strong  diffraction  max¬ 
ima  at  7.2A  and  3.58A  which  were  not  affected  by 
glycolation  or  mild  thermal  treatment.  Heating  to 
400*C.  produced  diminution  of  intensities,  and  at 
500'C.  the  peaks  were  completely  gone. 

Material  with  a  maximum  at  10.0A  which  is  not 
affected  by  glycolation  and  is  intensified  by  heating  is 
here  termed  "illite”. 

Chlorite  was  identified  by  a  prominent  diffraction 
maximum  at  I4.2A  which  was  not  affected  by  glycola¬ 
tion  and  was  intensified  by  heating  to  500*C. 

Vermiculite  was  detected  in  small  quantities  by  heat 
treatment.  The  basal  vermiculite  peak  at  14.2A  is 
masked  by  the  chlorite  maximum  and  in  the  untreated 
or  glvcolated  sample  is  not  resolvable.  However,  ui«,n 
heating  to  200'C.  a  peak  at  12.99A  was  produced. 
After  heat  treatment  to  400*C.  the  peak  shifted  to 
12.27A.  and  disappeared  at  higher  temperatures. 

Optical  studies  reveal  that  opaline  diatom  tests 
constitute  10  to  26  percent  of  the  silt-size  fraction. 
Subangular  qua-  -ains  are  numerous.  X-ray  dif¬ 
fraction  studies  rm  the  presence  of  quartz  and 
indicate  the  pre  -e  of  small  amounts  of  illite  and 
chlorite.  Weak  i  eaks  at  321 A  and  327A  were  occa¬ 
sionally  observed.  These  were  probably  due  to  the 
presence  of  one  or  more  feldspars. 

The  clay  mineral  composition  of  sediment  samples 
was  determined  at  various  depths  for  13  stations 
representing  three  cross  sections  of  the  area.  Semi- 
quantitative  diffractometer  peak  height  measurements 
of  the  basal  clay  mineral  reflections  indicate  a  fairly 
constant  relationship  among  chlorite,  illite,  and  kaoii- 
nite  (Table  3).  Relative  amounts  of  vermiculite  were 
not  determined  because  of  the  diffuse  character  of  the 
peak,  Quartz  was  present  in  all  clay-sizv  sa-  iples. 
Electron  microscopy  revealed  hexagonal  flakes,  ir¬ 
regular  flakes,  and  skeletal  (diatom)  fragments.  The 
hexagonal  flakes  are  probably  kaolinite,  while  the  ir¬ 
regular  material  may  represent  illite,  chlorite,  or 
organic  nutter. 

Nelson  (1960  )  studied  the  clay  mineralogy  of  the 
bottom  sediments  of  the  Rappahannock  River  and 
Powers  (1954),  the  Patuxent.  Both  investigators 
found  illite,  chlorite,  and  kaolinite,  while  Nelsoo.  in 
addition,  found  two  montmorillonites  and  vermiculite. 
Both  found  that  the  relative  amounts  of  chlorite  in¬ 
creased  downstream.  Powers  attributed  this  increase 
in  chlorite  to  diagenetic  alteration  of  diitic  material 
by  addition  of  Mg.  According  to  Nelson,  relative 
amounts  of  kaolinite  and  vermiculite  remaired  Con¬ 
stant  for  sail  samples,  while  both  montmorillonites  dis¬ 
appeared  rapidly  down  the  salinity  gradient.  Hurley 
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PERCENT  PYRlTE  im'XV*  stswts'i 


Fig.  9.  Vertical  distribution  of  pyrite  in  the  sediments. 
Station  locations  prom  ted  in  Fig.  4. 

ft  al.  (!961)  determined  the  K^-Ar*®  age*  of  the 
k-bearmg  clay  material  from  the  mouth  of  the  Rappa¬ 
hannock  River,  and  obtained  values  of  497  million 
years  and  680  mil  ion  years  for  two  samples.  Hurley 
concluded  that  the  illite  fraction  was  detrital. 

In  the  Chesapeake  Bay  area,  three  rather  distinct 
environments  are  represented  during  the  summer 
months :  the  oxidising  environment  of  the  shelf,  char¬ 
acterized  by  high  pH  (8.0-6.31.  high  dissolved  oxy¬ 
gen  content,  and  relatively  low  salinity  (  1 0 1 5  i  : 
the  ret luemg  environment  of  the  channel,  character  - 
i*rd  by  low  pH  ( 7.2-7.61.  low  dissolves!  oxygen  con¬ 
tent.  and  relativelv  high  salinity  (17  5<-22  *«•«  >  :  an«l 
the  (juried  or  diagenetic  environment.  eharactcriirs! 
hv  high  and  variable  pH  (7  8-86).  and  relatively 
high  salimtv  (19  *i,-21  5w).  Regardlets  of  where 
samples  were  taken,  whether  al  the  surface  or  at  depth 
in  the  sediment,  in  the  hiack  or  gray  sediment.  or  *n 
shallow  or  deep  water,  the  clay  minerals  are  simi’ar 
Thus,  none  of  the  ahove-ment toned  parameters  ajqwar 
to  affect  the  gross  composition  of  the  clay  minerals 
of  this  area. 

tluarti  and  fefdspar  observrd  in  the  c'ay  fraction 
represent  detrital  material,  while  siliceous  skrWlal  re 
numi  are  the  principal  biological  contribution  to  the 
sediment. 

llVTAIt  ED  MlCEEAUx-V 

t  .ilor  distnUitiont  similar  to  those  describrd  for 


Chesapeake  Bay  have  been  observed  in  Recent  sedi¬ 
ments  by  Sniimow  (1958)  in  the  Black  Sea;  Emery 
and  Ri»ten berg  (1952)  in  San  Pedro  Harbor;  Van 
Straaten  (1954)  in  the  Dutch  Waddcn  Zee;  Manheitn 
(1961)  in  the  Baltic;  Oppenheimer  (1960)  in  Red- 
fish  Bay,  Texas;  and  Priddy  el  al.  (1955)  in  Missis¬ 
sippi  Sound.  In  all  the  above-mentioned  localities, 
the  investigators  have,  at  least  partially,  attributed  the 
color  of  black  sediment  to  hydrotroilite  (FeSmll-O). 
an  amorphous  ferrous  sulfide. 

A  test  for  hydrotroilite  ( Emery  and  Rittcnberg. 
1952).  involving  treatment  of  sediment  samples  with 
dilute  hydrochloric  acid,  with  the  evolution  of  H*S  if 
soluble  sulfides  are  present,  was  completed  on  all  sedi¬ 
ment  samples.  Black  sediment  evolved  H.S.  while 
gray  samples  yielded  none,  indicating  the  possible 
pre  — e  of  hydrotroilite  in  black  sediment. 

Van  Straaten  ( 1954 1  found  that  with  tinie  the 
monosulfidc  (hydrotroilite)  altered  to  the  bisulfide 
(pvrite).  Gray  samples  digested  in  50  percent  HO 
and  50  percent  HF  followed  by  boiling  AlClj  (Neuer- 
burg.  1961)  yielded  a  black  residue  whicn  gave  an 
X-ray  pattern  of  pyrite.  This  pvrite  comprises  about 
0.15  percent  of  the  bulk  sediment  sample  and  0.3  per¬ 
cent  of  the  clay-size  fraction.  Exceptions  to  this  ob¬ 
servation  occurred  in  handed  cores  where  gray  lands 
gave  no  pyrite  pattern  after  digestion.  Figure  9 
illustrates  the  pyrite  distributions  in  two  cores  The 
shallow-water  core  contains  black  and  grav  handing, 
and  the  deepwater  core  is  uniformly  bias*  follower! 
at  depth  by  gray  color.  Black  sediment  in  the  color 
banded  core  (core  25)  contains  r<c  detectable  pyrite. 
nor  does  the  enclosed  gray  land,  in  jnderlying  gray 
sediment,  however,  pyrite  occurs  in  the  same  sequence 
where  black  color  would  be  expected  if  the  banding 
were  continuous  with  depth.  This  observation  strongly 
suggests  that  black  sediu'ent  containing  hydrotroilite 
alters  to  gray  sediment  containing  pyrite.  while  origi¬ 
nally  deposited  gray  sediment  contains  ncitlier  pyrite 
nor  hvdrotrr  fite.  Gray  sedinx  nt  front  deep  water 
contains  relatively  constant  quai  titles  of  pvrite.  sug¬ 
gesting  that  it  lias  been  altered  to  its  present  state 
from  originally  hydrotroilite -containing  black  mate 
rial.  (Vtite  was  not  detected  in  black  sediment 

The  presence  of  small  amounts  of  pyrite  in  the  sedi¬ 
ments  is  not  unusual.  F-mer*  and  Rittrr.hvrg  i  19521 
describe  a  somewhat  similar  situation  in  the  sediments 
of  the  offsiorc  CaFfoenia  basins,  where  pvrite  occur* 
as  spherical  masses  and  irregular  grams  which  in¬ 
crease  nv  slaitwlance  with  depth  in  the  sedimrrv  They 
fed  two  mechanisms  may  be  involved  in  the  prraiuc 
lion  of  authigvmc  pyrite:  a.'caticn  in  the  sequence 
hydrotroilite  -*  mrimkosife  -*  p*rt;r  in  areas  ot  .apid 
dey»»itH>n  such  as  river*,  harbors,  and  bay*,  and 
pyrite  lormed  directly  in  areas  of  »lm»  detrital  *edi- 
mentation,  such  as  offshore  basin* 

In  tht  Che-sapeake  area,  the  presence  of  hydro 
tr. elite  in  the  bia<  -e'dmwnt*  has  already  been  tnd> 
rated  The  occurrence  of  pyrite  in  the  gray  wdinient* 
hut  not  in  the  Mack  supports  the  hvpothesis  that  the 
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pyritc  is  an  authigcnic  mineral  former!  at  the  expense 
of  hydrotroilite. 

Chemical  I’akameters 

In  tins  region  of  Cliesai>eake  Bay  the  writer  has 
measured  sulfate  and  chloride  from  the  water  column 
and  from  interstitial  water,  and  organic  carbon,  Kh, 
nil.  ferric  and  ferrous  iron,  and  sulfur  in  the  sedi¬ 
ments.  Changes  in  these  parameters  across  the  basin 
and  with  depth  in  the  sediment  have  hem  noted,  ami 
an  attempt  has  lieen  made  to  relate  the  interplay  of 
the  chemical  properties  with  the  physical  and  biologi¬ 
cal  environment. 

SJfule,  Chlormity,  and  the  VW/afe-l  hlormity  Ratio 

Sulfate  to  chlormity  weight  ratios  in  interstitial 
waters  were  determined  for  the  purpose  of  approxi¬ 
mating  the  redox  state  of  this  environment.  The  ratio 
of  sulfate  to  chlormity  m  normal  marine  waters  is 
about  0.14.  The  tendency  in  reducing  environments 
is  for  this  ratio  to  be  lower  than  0.14  because  of  the 
breakdown  of  the  sulfate  molecule  by  hacterial  and 
inorganic  processes. 

Sulfate  was  determined  gravimetrically  on  intersti¬ 
tial  water  centrifuged  from  sediment  samples  <  Bather 
and  Kilcy,  1954  i.  Triplicate  results  are  precise  to 
±  0  1  |ierccnt.  Accuracy  is  approximately  ±  0.05 
fierceiit  of  the  amount  present  in  synthetic  samples. 
Chlormity  was  determined  volumetrically  by  the  stand¬ 
ard  Mohr  method  on  the  same  samples.  Accuracy  of 
this  method  approaches  2:0.05  percent.  Kxamples  of 
the  vertical  distribution  of  the  sulfate-chlorimty  ratio 
in  tlie  water  column  and  the  sediments  are  presented 
in  Figure  IU. 

The  wide  variation  of  the  sulfatr-chlorinity  ratio  in 
tl>e  water  column  samples  is  difficult  to  explain.  Cot¬ 
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F'ig.  11.  Distribution  of  the  sulfate-chlorimty  ratio  in 
surface  sediments  during  the  sampling  peri. ids  Contour 
interval  0.0’. 


relation  of  higher  chlorinity  and  slightly  higher  sul¬ 
fate  .^..scut  rations  in  surface  samples  over  deep  areas 
ami  relatively  lower  chlorinity  and  higher  sulfate 
values  over  shallow  areas  suggests  local  runoff  oi 
high  sulfate  affecting  the  i|uality  of  the  shallow  wit., 
in  this  area  of  the  Bay.  Sverdrup  it  nl  <  ,r'iJ  i  re 
l>ort  sulfate  to  lie  twice  as  aliundant  as  chloriile  in 
iresh  waters.  The  two  stutiow  stations  arc  charar 
teriged  by  average  or  higher  than  average  ratios 
throughout  the  depth  sampled,  while  the  two  deep 
stations  show  erratic  but  increasing  sulfate-chloride 
ratios  w  ith  depth 

I  atilr  4.  Suiiate  cidorimty  relationship  m  the  w  ater 
coltmm  at  Station  5X 
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estuaries:  sediments  and  sedimentation 


■  BLACK  SEDIMENT 
□  gray  SEDIMENT 


t  ~y~‘  1 — »  r  "1  ■) 

.2  .3 


SULFATE /CHLORIDE 

Fig.  12.  Variation  of  '  O.  'Cl  with  sediment  color. 


Ratios  of  sulfate-chlorinitv  tor  surface  sediments 
indicate  reduction  of  the  S04  component  in  the  sam¬ 
ples  from  deeper  water  (Fig.  11).  Generally  the  ratio 
is  erratically  lower,  reaching  a  minimum  and  then 
rising  with  increasing  sediment  depth  to  values  simi¬ 
lar  to  those  found  in  surface  sediments.  Sulfate  is 
never  completely  absent  from  the  interstitial  water  at 
any  depth. 

Sulfatc-t. hlorinity  Ratios :  Discussion 

The  distribution  of  the  sulfate-chlorinitv  ratio  in 
the  water  and  sediment  pore-water  has  already  been 
discussed.  Data  presented  in  Table  4  indicate  that  an 
increase  in  the  ratio  with  increasing  water  depth  Is 
due  to  the  high  sulfate  concentration,  probably  result¬ 
ing  from  H8S  production  in  the  sediment:  its  migra¬ 
tion  upward  into  the  water  column;  anil  its  oxidation 
to  sulfate.  Although  a  freshwater  sulfate  correc¬ 
tion  was  not  taken  into  account  in  the  calculations, 
the  upper  river-derived  waters  appear  deficient  in  sul¬ 
fate,  while  the  deeper,  marine  derived  waters  contain 
a  marked  concentration  of  sulfate  over  the  theoretical 
value.  With  the  approximate  enrichment  of  10  per¬ 
cent  sulfate  in  the  deep  water,  it  should  lie  expected 
that  sulfate  concentrations  in  the  sediment  pore-water 
would  be  deficient  by  an  amount  equal  to  the  10  per¬ 


cent  enrichment  in  the  water  column  plus  any  sulfide 
remaining  in  combination  in  the  sediment.  The  ob¬ 
served  10  percent  enrichment  of  sulfate  in  the  water 
column  falls  within  the  deficiency  range  of  the  sulfate- 
chlorinitv  ratio  found  in  the  sediment  pore-water. 
However,  variation  of  the  sulf;* --chloride  ratio  in 
the  interstitial  water  is  greater  than  that  of  the  over- 
lying  water  column,  because  of  the  intensity  of  the 
processes  used  in  removing  sulfate  from  any  given 
sediment. 

No  marked  variation  exists  between  the  sulfate- 
chlorinity  rat’o  of  the  interstitial  water  of  black  or 
gray  sediments  (Fig.  12).  Slightly  higher  ratios  in 
the  deeper  gray  sediment  (Fig.  10)  may  indicate  a 
decrease  of  bacterial  reduction  of  sulfate  and  tbe  ad¬ 
justment  to  inorganic  equilibrium  conditions. 

Orgunic  Carbon  and  Organic  Matter 

Three  hundred  and  hfty  dry-combustion  organic 
carlion  determinations  (Nierdalil  and  Nierdahl,  1942  ) 
were  completed  on  nitrogen-dried,  HCl-digested  sedi¬ 
ment  samples.  The  combustion  apparatus  was  stand¬ 
ardized  using  spectrogvaphic  graphite  as  a  carbon 
soiuce,  and  recoveries  of  99.9  percent  were  obtained. 
Triplicate  sediment  analyses  indicate  the  results  are 
precise  to  ±0.19  percent.  Horizontal  and  vertical 
sample  variations  over  the  area  of  interest  are  pre¬ 
sented  in  Figures  13  and  14. 

Values  obtained  in  surface  sediment  samples  range 


Fig.  13.  Variation  of  organic  carbon  in  surface  sedi¬ 
ments.  Contour  interval — 0.4%  C. 
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PERCENT  CARBON 

Fig.  14.  Percentage  of  organic  carbon  remaining  with 
depth  in  sediment. 


from  0.95  percent  carbon  in  the  shallow  silty  sands 
to  3.4  percent  carbon  in  the  silty  clays  and  clayey  silts 
of  the  deepest  regions. 

Figure  14  illustrates  the  distribution  of  organic  car¬ 
bon  with  depth  in  sediment  for  all  buried  samples. 
The  percentage  of  carbon  remaining  with  depth  was 
calculated  assuming  that  the  carbon  found  in  the  upper 
inch  of  the  core  represents  100  percent  of  the  carbon 
deposited  with  the  sediments. 

A  gross  loss  of  approximately  one  percent  of  the 
organic  carbon  per  inch  of  burial  is  evident  from  the 
graph.  With  increasing  depth  the  percentage  of  or¬ 
ganic  carbon  remaining  in  the  samples  becomes  more 
\  unable.  At  a  depth  of  5  in.  the  range  of  carbon 
remaining  is  from  80  to  98  percent,  at  10  in.  the  range 
ir.  front  69  to  96  percent,  and  at  40  in.  the  range  is 
from  26  to  92  percent. 

In  addition  to  the  organic  carbon  analyses,  four 


Table  5.  Organic  extraction  of  Chesapeake  Bay 
sediments. 


Core  103 

1 

2 

3 

4 

Inches  below  surface 

0-1 

9-10 

13-14 

25-26 

Sediment  color 

black 

black 

gray 

gray 

Weight  percent  organic 
carbon 

2.97 

2.81 

2.72 

2.41 

Weight  |iercent  organic 
carbon  extracted  with 
ethanol 

0.151 

0.128 

9.116 

0.062 

Weight  percent  organic 
carbon  extracted  with 
benzene 

0.023 

0.014 

0.024 

0.047 

Weight  percent  organic 
carbon  extracted 

0.174 

0.142 

0.140 

0.109 

Extractable  %  of  total 
organic  carbon 

5.8% 

5.0% 

S.1% 

4.5% 

nitrogen-dried  samples  from  core  103  were  subjected 
to  Soxhlet  extraction  for  24  hours.  Sediment  samples 
we'-e  extracted  with  ethanol,  then  benzene,  to  obtain 
soluble  organic  material.  Pertinent  data  appear  in 
Table  5. 

It  appears  that  the  quantity  of  soluble  organic  ma¬ 
terial  decreases  slightly  relative  to  the  depths  sampled 
in  this  area  of  Chesapeake  Bay.  The  decrease  is 
comparable  to  the  overall  decrease  in  total  carbon. 

Organic  Carbon :  Discussion 

The  distribution  of  organic  carbon  content  in  rela¬ 
tion  to  the  sediment  color  is  illustrated  in  Figure  15. 


■  BLACK  SEDIMENT 


WT.  PERCENT  ORGANIC  CARBON 

Fig.  15.  Relationship  between  the  percentage  of  organic 
carbon  and  sediment  color. 
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No  distinct  correlation  of  sediment  color  with  the  per¬ 
centage  of  organic  carbon  is  obvious  from  the  histo¬ 
gram.  The  tendency  for  most  black  sediments  to  have 
relatively  higher  organic  carbon  values  is  considered 
to  be  a  result  of  the  distribution  of  the  samples.  Many 
workers  have  found  a  general  decrease  in  the  content 
of  organic  matter  with  increasing  depth  of  burial  in 
modem  sediments  (Barghoorn,  1952;  Mohamed,  1949; 
Smith,  1954;  Waksman,  1933).  The  loss  of  organic 
carbon  from  these  sediments,  assuming  constant  sup¬ 
ply  throughout  the  depositional  interval,  has  been  at¬ 
tributed  to  bacterial  activity  and  inorganic  destruc¬ 
tive  processes.  The  association  of  black  color  with 
surface  or  near-surface  sediments  correlates  well  with 
the  higher  organic  content  found  in  them.  The  amount 
of  overlap  between  the  black  and  gray  sediments, 
however,  with  respect  tc  the  organic  carbon  content, 
precludes  a  basic  cause-and-effect  relationship  be¬ 
tween  quantity  of  organic  matter  and  sediment  color. 
The  observed  increase  of  organic  carbon  in  surface 
sediments  with  increasing  water  depth  may  be  at¬ 
tributed  to:  (1)  a  higher  rate  of  sedimentation  in 
shallow  water,  causing  dilution  of  the  organic  matter 
by  a  detrital  component;  (2)  a  relatively  higher  rate 
of  inorganic  oxidation  of  organic  matter  in  shallow 
areas,  owing  to  the  higher  oxygen  content  of  the  over- 
lying  waters  and  larger  sediment  grain  size,  thereby 
permitting  circulation  of  these  waters  through  the 
sediment;  (3)  the  scavenging  activity  of  organisms 
in  shallow  areas;  and  (4)  the  higher  physical  energy 
of  the  environment,  causing  non-deposition  or  re¬ 
suspension  of  fine  sediments  including  fine  organic 
detritus. 

The  factors  which  are  predominant  in  causing  the 
observed  carbon  distribution  appear  to  be  the  energy 
ot  the  environment  and  the  inorganic  oxidation  of 
organic  matter  because  of  dissolved  oxygen  in  the 
shallow  areas.  Scavenging  organisms  are  present  dur¬ 
ing  the  cold  seasons,  when  they  appear  to  be  inactive 
and  thus  may  not  consume  much  organic  matter.  The 
shifting  of  submarine  bars  indicates  strongly  that  bot¬ 
tom  material  in  shallow  regions  is  reworked,  shifted. 


Fig.  16.  Distribution  of  iron  in  the  water  and  sediment 
of  four  stations  from  the  study  area.  Data  in  the  water 
column  represent  summer  distribution  only.  Station  loca¬ 
tions  presented  in  Fig.  4. 


Fig.  17.  Variation  of  Fes/  Fe!  ratio  in  surface  sediments 
during  the  sampling  period.  Contour  interval— 0.1. 


and  resuspended  by  currents  and  waves,  causing  in¬ 
cluded  organic  material  to  be  oxidized  and/or  rede¬ 
posited  in  areas  of  lower  environmental  energy. 

Iron — Ferric  and  ferrous  iron  were  determined  on 
409  samples  of  sediment  at  various  water  depths  and 
depths  within  the  sediment.  Frozen  sediment  samples 
were  dried  to  constant  weight  at  95 °C.  in  a  nitrogen 
atmosphere.  The  material  was  then  digested  for  45 
minutes  in  1.2N  HC1  on  a  steam  bath. 

Ferric  arid  ferrous  iron  were  determined  colorimet- 
rically  on  the  filtered  HC1  solution  by  a  modification 
of  tlie  method  of  Lewis  and  Goldberg  (1954),  using 
2.21  bipyridyl  as  coniplexing  agent.  The  complexing 
agent  and  a  buffer  were  added  with  the  HC1  at  the 
initiation  of  digestion,  thus  preventing  oxidation  of 
ferrous  iron  by  atmospheric  oxygen  as  described  by 
Shapiro  (1960).  The  complexed  solution  was  then 
divided  and  diluted  into  two  25-nil  samples.  The  opti¬ 
cal  density  of  the  first  was  measured  on  a  spectro¬ 
photometer  at  522  m/i,  the  quantity  of  ferrous  iron 
read  from  a  previously  determined  calibration  curve, 
and  this  quantity  of  iron  was  termed  ferrous  iron.  A 
reducing  agent,  hvdroxylamine  hydrochloride,  was 
added  to  the  second  sample,  the  optical  density  deter¬ 
mined,  the  quantity  of  ferrous  iron  read  from  a  second 
graph,  and  the  result  reported  as  total  iron.  Ferric 
iron  is  calculated  from  the  difference  between  total 
iron  and  ferrous  iron.  As  the  true  value  of  ferrous 
iron  is  unknown,  a  measure  of  accuracy  is  not  ob¬ 
tainable.  Precision,  except  for  an  occasional  large 
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Fig.  18.  Variation  of  Fe*/Fe*  ratio  with  sediment  depth. 
Station  locations  presented  in  Fig.  4. 

deviation  (due  to  an  inhomogeneous  sample),  was 
within  ±2  percent  in  the  concentration  range  25y- 
140y  Fe. 

The  HC1  digestion  was  used  in  order  to  study 
“environmental”  iron,  that  is,  iron  present  in  clay 
minerals  as  acid-soluble  sulfides,  and  in  organic  mat¬ 
ter.  X-ray  analyses  of  digested  material  indicate  that 
the  clay  minerals,  with  the  exception  of  small  quan¬ 
tities  of  kaolinite,  were  destroyed  by  HC1  treatment, 
while  organic  carbon  determinations  reveal  a  10  to 
20  percent  loss  of  organic  matter. 

Iron  in  the  waters  of  Chesapeake  Bay  has  been  in¬ 
vestigated  by  Garland  (1952),  Martin  (1956),  and 
Sananman  and  Lear  (1961).  Martin,  studying  the 
iron  content  of  tributaries  to  Chesapeake  Bay,  found 
0.01  to  0.10  mg  Fe/1.  Garland  found  a  maximum  of 
140  mg  Fe/1  in  polluted  Baltimore  Harbor,  but  con¬ 
cluded  that  the  high  iron  content  of  harbor  water  had 
no  significant  effect  on  water  quality  outside  tl  e  har¬ 
bor.  Sananman  and  Lear  studied  the  Fe  content  of 
waters  in  the  Bay  east  of  Solomons,  within  the  bound¬ 
ary  of  the  study  area,  and  found  rom  0.04  mg  Fe/I 
at  the  surface  to  0.205  mg  Fe/1  at  i00  ft.  depths. 

Total  HCl-soluble  iron  in  the  sediments  varies 
closely  about  the  mean  value  of  3.9  percent  Fe  (range 
3.2  to  47  percent).  Cross  sections  illustrating  the 
distribution  of  total  iron  in  the  water  and  HC1- 
extractable  iron  in  the  sediments  are  presented  in 
Figure  16.  Figure  17  illustrates  the  lateral  distribu¬ 


HOLACK  SEDIMENT 


FERRIC/FERROUS  RATIOS 

Fig.  19.  Relationship  between  Fe*/Fe*  and  sediment 
color. 


tion  of  the  ferric-ferrous  ratio  in  the  sediments  of  the 
Bay.  Contours  of  the  ratio  in  surface  sediments  indi¬ 
cate  that  ferrous  iron  predominates  in  all  samples, 
even  those  from  shallow  depths  in  contact  with  oxy¬ 
genated  water.  In  the  southwest  portion  of  the  area, 
the  ferric-ferrous  ratio  is  highest,  and  gradually  de¬ 
creases  with  increasing  water  depth. 

The  vertical  distribution  of  the  ferric-ferrous  ratio 
is  illustrated  in  Figure  18.  In  general,  the  ratio  is 
higher  in  the  gray  sediment  than  in  overlying  or 
nearby  black  material.  Since  the  ferric-ferrous  ratio 
is  an  indication  of  the  oxidation-reduction  potential, 
it  appears  that  the  gray  sediment  is  less  reduced  than 
the  black.  This  is  in  good  agreement  with  the  less 
pronounced  difference  exhibited  by  the  S04/C1  ratio 
of  the  interstitial  water. 

Total  sample  variation  of  the  Fe  ratio  with  respect 
to  sediment  color  is  presented  in  Figure  19.  A  marked 
correlation  exists  between  the  color  of  the  sediment 
and  the  ferric-ferrous  ratio.  The  black  sediments  of 
the  area  contain  relatively  more  acid-soluble  ferrous 
iron  than  the  gray  material,  while  the  total  iron  con¬ 
tent  remains  essentially  constant.  The  ferric  portion 
may  represent  iron  which  remains  unreactive  in  the 
depositiona!  environment. 

The  correlation  between  sediment  color  and  ferric- 


Table  6.  Iron  concentrations  in  organic  fractions. 


c/  'r  Iron  removed  by  : 


Sample 

No. 

Color 

Depth  in 
sediment 

%  Fe- 

%C 

Water 

Ethanol 

Benzene 

61-1 

black 

0”-  1” 

4.2 

2.37 

0 

9.0 

1.1 

61-2 

black 

3"-  4" 

4.0 

2.21 

0 

11.0 

1.9 

61-3 

gray 

4"-  5” 

3.6 

2.07 

0 

72 

1.4 

61-4 

gray 

15"— 16" 

3.6 

1.98 

0 

5.1 

u 
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Table  7.  Sulfide  determinations  and  relationships  in 
Chesapeake  Bay  sediments. 


Sample  # 

61-1 

61-2 

61-3 

61-4 

Depth  in  Sediment 

o--r 

3*-4" 

4"-5" 

15'-16* 

Color 

black 

black 

gray 

gray 

(a)  Weight  percent 
HC1  soluble  Fe 

in  sediment 

42 

4.0 

3.6 

3.6 

(b)  Weight  jiercent 
HO  soluble  sulfide 
sulfur  in  sediment 

0.51 

0.40 

T 

T 

(c)  Weight  percent 
hydrotroilite  in 
sediment  (1) 

1.3 

1.0 

T 

T 

(d)  Weight  per¬ 
cent  pyrite  in 
•ediment  (2) 

T 

T 

0.8 

0.7 

(1)  calculated,  aiaumiof  all  sulfide  sulfur 
ble  residue  from  HC1  +  Hr  leach. 

it  FES; 

(2)  insolu 

ferrous  iron  is  consistent  with  the  distribution  of 
hydrotroilite  in  the  sediments.  The  higher  ferrous  iron 
of  the  black  sediment  may  lie  attributable  to  the  pres¬ 
ence  of  hydrotroilite,  while  the  lower  ferrous  iron  con¬ 
tent  of  the  gray  material  may  l>e  explained  by  the 
.alteration  of  hydrotroilite  to  acid-insoluble  pyrite. 

Further  investigation  was  attempted  into  the  parti¬ 
tion  of  iron  in  the  various  organic  and  inorganic 
phases  present.  The  quantity  of  iron  partitioned  in 
the  organic  matter  of  the  sediments  was  determined 
by  successive  extractions  of  sediment  samples  with 
distilled  water,  ethanol,  and  benzene.  The  quantity  of 
iron  found  in  the  various  solvents  after  filtration  is 
presented  in  Table  6. 

HCl-soluble  sulfide  sulfur  was  determined  volu 
metrically  by  the  method  of  Kitchener  el  a1.  I  l‘>51  •. 
All  sulfur  determined  was  then  calculated  into  1'eS 
and  the  maximum  percentage  of  hydrotroilite  in  the 
sediment  was  estimated.  I  he  results  are  shown  in 
Table  7 

There  is  an  apparent  difference  of  0.5  wt.  jK-rccnt 
of  acid  soluble  iron  lietween  the  black  and  gray  sedi¬ 
ment.  If  this  difference  were  due  to  the  conversion 
of  hvdrotroilite  to  acid-insoluble  pyrite.  then  the  cal¬ 
culated  value  of  the  pyrite  formed,  lused  on  the  loss 
of  acid-soluble  iron,  would  Ik-  -1  wt.  |iercont.  I  he 
amount  of  pyrite  winch  could  lx-  formed  in  the  gray 
sediment,  calculated  from  the  amount  of  hydrotroilite 
found  in  the  hi  ick  sediment,  would  Ik-  -  1.3  wt.  jx-r 
cent.  Both  of  these  calculated  values,  for  the  amount 
of  pi  rite  which  could  Ik-  formed,  agree  closely  with 
the  quantity  of  pyrite  found  hv  acid  insoluble  Irach 
ing.  The  fact  that  the  observed  value  of  pyrite  is 
lower  than  either  of  the  calculated  rallies  may  indi 
c:  !e  that  sulfur  is  the  hunting  factor  in  the  genesis 
oi  nr  rite  in  t  lics.qx  .ihc  Itay 

Data  presented  ndicate  that  the  quantity  of  IT's 
calculated  for  the  black  sediment  and  the  amount  of 
pvrite  fmind  in  the  gray  material  i  assuming  the  Iran 
sition  FeS  1-VS.I  are  in  good  agreement  It  would  lx- 


expected  and  is  sometimes  true  that  total  HCl-extract- 
able  iron  (Tig.  16)  should  be  lower  in  the  gray  sedi¬ 
ment  than  in  the  black,  due  to  removal  from  analysis 
of  some  iron  during  the  conversion  hydrotroilite  -» 
pyrite  However,  binding  of  20  jiercent  of  the  extract- 
able  iron  as  jiyritc  represents  less  than  1  percent  of 
the  sediment,  and  variations  greater  than  1  percent 
(Fig.  17 >  of  total  iron  have  been  noted  in  similar 
black  sediments.  Therefore,  total  llCI-cxtractable  iron 
may  be  fortuitously  lower  in  deejier  sediments  from  a 
single  core,  but  the  quantity  found  in  any  given  sam¬ 
ple  is  a  result  of  supply  to  and  fixation  in  the  sedi¬ 
ment.  and  may  vary  indejx-iidently  from  the  hydro* 
troilite-jiyrite  reaction. 

Thus,  metallo-organics  anil  iron  sulfides  account  for 
25  to  35  percent  of  the  total  acid-soluble  iron  in  the 
sediments.  The  remainder  may  be  distributed  among 
the  ethanol-  and  benzene-insoluble  organic  fraction, 
as  surface  or  exchangeable  iron  associated  with  clay 
minerals  (Carroll,  1958),  and  as  free  iron  oxides. 
Small  quantities  of  hematite  in  the  sediment  have 
already  been  noted. 

Il'ii ter  Content — The  quantity  of  interstitial  water 
in  the  sediments  was  determined  by  drying  weighed 
hulk  samjiles  to  constant  weight  at  95*C.  in  a  nitrogen 
atmosphere.  When  higher  drying  temperatures  were 
employed,  there  was  Itlieralion  of  CO.,  evidence  of 
breakdown  of  sedimentary  materials.  Water  content 
is  rejKirteil  as  |iercentage  of  wet  weight  of  the  samples 

Figure  20  illustrates  the  vertical  variation  of  the 
water  content  of  sediment  samples  fr«m  the  study 
area.  A  pronounced  difference  in  water  content  Ik-- 
tween  the  black  and  gray  sediment  si  mples  is  evident. 
In  several  cores  black-  and  gray-landed  sediments 
occur  where  the  black  sediment  has  a  higher  water 
content  than  either  the  over-  or  underlying  gray  ma¬ 
terial.  Cray  sediment  excised  at  the  sediment-water 
interlace  has  a  characteristically  lower  water  content 
than  nearby  exjxisrd  Mack  sediment 
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Fig  21.  Relationship  between  water  content  (percent 
wet  weight  of  sediment )  and  sediment  e  '.or. 


Chloride,  iron,  and  ILS  concentrations,  when  intro¬ 
duced  independently,  had  little  effect  on  the  water 
content  of  the  flocculate,  which  had  been  allowed  to 
settle  48  hours  after  introduction  of  the  sample. 
When  H3S  was  bubbled  through  a  solution  contain¬ 
ing  dissolved  iron,  however,  a  black  iron  sulfide,  per¬ 
haps  hydrotroilite,  precipitated,  and  the  presence  of 
this  precipitate  in  the  sediment  markedly  increased 
the  water  content  of  the  sediment  samples.  It  appears 
that  FcS  may  contribute  to  the  high  water  content  of 
Bay  sediments  the  same  way  it  does  in  the  artificial 
ones.  This  finding,  if  true,  is  in  contradiction  to  the 
view  of  Van  Straaten  ( 1954),  who  attributed  the  vari¬ 
ation  of  water  content  in  similar  sediments  to  a  period 
of  non-deposition. 

pH  and  Redox  Potential — The  pH  and  Eh  (redox 
potential)  of  soils  and  sediments  have  been  measured 
by  n  any  investigators  (for  summary  of  literature  see 
Garrels,  I960;  ZoBell,  1946),  and  have  been  used  to 
describe  changes  in  composition,  chemical  reactivity, 
biological  populations,  diagenesis,  color,  and  other 
properties  of  recent  sediments.  Most  authors  agree 
tliat  pH  and  Eh  of  sediments  are  primarily  a  result  of 
the  balance  between  types  of  bacteria,  organic  matter, 
buffering  and  poising  capacity  of  the  sediments  and 
interstitial  waters,  and  the  rate  of  oxygen  diffusion  in 
the  pore-water. 

By  measuring  the  pH  and  Eh  of  Chesapeake  Bay 
bottom  muds,  relationships  between  these  properties 
and  chemical  and  mineralogical  analyses  were  ob¬ 
tained.  Hydrogen  ion  concentration  of  the  sediments 
was  measured  using  a  shipboard  portable  pH  meter 
with  glass  and  calomel  electrodes.  Electrodes  were 
inserted  into  the  sediment  through  pre-drilled  holes 
in  the  core  liner.  All  measurements  were  taken  within 
five  minutes  of  sampling,  and  were  reproducible  to 
±  0.05  units. 

The  horizontal  distributions  of  pH  in  the  surface 
sediment  are  illustrated  in  Figure  23.  Examples  of 
the  vertical  distribution  are  presented  in  Figure  24. 
All  samples  measured  have  pH  greater  than  7.  In  the 
black  jiortion  of  cores  the  pH  is  lowest  at  the  inter- 


The  high  degree  of  correlation  between  interstitial 
water  content  and  sediment  color  is  illustrated  in 
Figure  21. 

Normal  sedimentary  roni|»actinn  and  the  e.  pulsion 
of  interstitial  water  will  not  explain  the  distribution 
of  water  in  the  banded  cores  (  Fig  20).  Laboratory 
experiments  were  carried  out  to  determine  the  rela¬ 
tionship  between  water  content  and  the  hydrotroilite- 
indiiced  color  of  the  black  sediments. 

(Quantities  of  artificial  sediment  ( 50  percent  kaeji- 
nite-50  percent  illite  i  were  suspended  in  distilled 
water  containing  various  concentrations  of  NaCl. 
Fet  lj.  ami  IlsS.  A  portion  of  the  flocculated  sedi¬ 
ment  was  withdrawn  4H  hours  after  suspension,  and 
die  jierctnlage  of  watrr  determiner!  by  drying  at 
95*C.  to  constant  weight.  Results  of  the  analyses  are 
presented  in  graphic  form  in  Figure  22. 


Fig.  22.  Variation  in  water  content  of  artificial  sedi¬ 
ment  with  concentration  of  Cl.  Fe.  and  weight  of  FeS 
precipitate. 
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Fig.  23.  Variation  of  pH  in  surface  sediments  during 
the  sampling  interval.  Contour  interval — 0.2  pH  units. 


face,  increases  rapidly  reaching  a  maximum  a  few 
inches  below  the  surface,  and  increases  slowly  through¬ 
out  the  remaining  depth  of  the  core.  The  gray  por¬ 
tion  of  cores  is  characterized  by  a  gradual  rise  of  pH 
with  decreasing  rate  of  increase  with  sediment  depth. 

The  Eh  of  samples  from  the  sediment  and  water 
column  was  measured  us  og  calomel  and  platinum 
electrodes  attached  to  a  portable  shipboard  pll  meter. 
The  Eh  of  Bay  water  was  measured  on  samples  taken 
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Fig.  24.  Distribution  of  pH  and  Eh  with  sediment  depth 
fot  four  stations.  For  sediment  color  see  F  ig.  10.  Station 
locations  presented  in  Fig  4 
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Fig.  25.  Variation  of  Eh  in  surface  sediments  during 
sampling  period.  Contour  interval— 50  mv. 


with  a  Kemmerer  sampler.  Elect’- odes  were  inserted 
directly  into  sediments  through  pre-drilled  holes  in 
the  core  liner  for  determination  of  sediment  Eh.  All 
measurements  were  taken  within  five  minutes  of  sam¬ 
pling.  All  measurements  are  reported  at  the  pH  of 
the  sample.  The  lateral  and  vertical  distribution  of 
F.h  values  is  presented  in  Figures  24  and  25.  Surface 
water  values  are  highly  positive,  water  front  the 
mixed  zone  is  intermediate,  and  deep  water  is  lower 
with  Eh  values  around  +100  to  +200  mv.  A  sharp 
difference  in  Eh  is  observed  between  exposed  black 
sediment  and  the  overlying  water.  Eh  values  for  the 
top  inch  of  black  sediment  are  commonly  lower  than 
—  150  mv.  Below  the  surface  Eh  varies  inversely  to 
the  pFI :  that  is,  a  minimum  Eli  is  usually  found  as¬ 
sociated  with  the  maximum  pH,  and  as  pH  gradually 
increases  with  sediment  depth.  F.lt  decreases  slowly. 
Gray  sediments  have  less  negative  Eh  values  than 
overlying  or  nearby  black  material. 

pH :  Discussion 

It  appears  that  C02  production  by  bacterial  oxida¬ 
tion,  although  it  may  well  explain  the  relatively  low 
pH  of  the  lx>ttom  water,  will  not  suffice  to  explain  the 
observe  I  pH  variation  in  the  sediment.  The  types  of 
organic  matter  attacked  at  a  given  depth,  however,  as 
well  as  the  products  of  the  reactions,  may  sigm.  cantly 
contribute  to  the  pH,  No  data  are  available  to  inter¬ 
pret  the  effect  of  either  of  these  parameters  of  the 
sediments.  The  action  of  sulfate-reducing  bacteria 
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Fig.  26.  Distribution  of  sediment  color  pcriicndicular 
to  axis  of  Bay.  Hydrographic  zones  represent  averages 
for  summer  months.  Station  locations  presented  in  Fig.  4. 


may  result  in  an  increase  in  the  pH  of  the  pore-water. 
The  product  of  sulfate  destruction  at  the  pH  observed 
in  the  sediments  would  be  HS“  or  H2S,  resulting 
in  the  balance  of  a  weak  acid  with  a  strong  base 
Maximum  loss  of  sulfate,  reflected  in  the  sulfatc- 
cldorinity  ratio,  occurs  in  the  black  sediment  where 
the  pH  is  highest  and  bacterial  activity  is  probably 
greatest.  On  the  other  hand,  in  deep  waters  over¬ 
lying  the  sediments,  the  sulfate-chlorinity  ratio  is 
highest  and  the  pH  is  low.  It  appears  that  production 
of  H2S  or  HS~  may  be  related  to  the  increase  of  pll 
in  the  sediment,  while  the  oxidation  of  these  compo¬ 
nents  in  the  overlying  water  aids  in  decreasing  the 
pH.  Although  the  organic  matter-COj  transforma¬ 
tions  probably  control  the  pH  of  the  sediments,  it  is 
(|uite  possible  that  the  descrilied  sulfate-sulfide  system 
is  a  major  contributor  to  pH  variation. 

lih :  Discussion 

F.ll  in  sediments  is  a  direct  result  of  oxygen  content, 
bacterial  activity,  and  organic  matter  (Allgeier  cl  at., 
1941:  Burrows  and  Cordon,  1936:  Willis.  1943). 
Other  parameters  which  have  lieen  found  to  affect  the 
F.h  of  a  system  include  iron,  hydrogen  sulfide,  and 
nitrogen  compounds  f  Pearsall  and  Mortimer,  1939). 
In  Chesapeake  Bay  sediments,  it  seems  that  the  pres¬ 
ence  of  quantities  of  organic  matter,  bacterial  activity, 
and  the  absence  of  oxygen  are  major  contributors  to 
the  low  Fill  observed.  When  su|>erimposed  on  the 
effect  of  bacteria  on  organic  matter,  sulfate  reduction 


may  play  a  significant  role  in  the  variation  of  the  ob¬ 
served  F.h.  Lowest  F.h  values  occur  in  the  region  of 
maximum  sulfate  reduction  and  minimum  ferric-fer¬ 
rous  ratios,  both  of  which  may  lower  the  Eh  of  the 
sediments. 

MODEL  OF  SEDIMENTATION  IN 
CHESAPEAKE  BAY 

The  inferred  relationship  and  development  between 
the  black  and  gray  sediments  is  illustrated  in  Figure 
26.  The  proposed  model  involves  fluctuations  of  the 
surface  of  the  reducing  zone  in  the  water  column  be¬ 
cause  of  storm,  tide,  wind,  and  runoff.  These  agencies 
may  influence  the  depth  to  the  reducing  surface  by 
changing  the  thickness  of  the  mixed  layer.  Thus,  dur¬ 
ing  a  hot  dry  summer,  vertical  mixing  would  he  re¬ 
duced  and  the  surface  of  the  oxygen-deficient  layer 
would  migrate  upward. 

In  cross  section  A-A’  (Fig.  26),  Stations  23  and  24 
at  depths  of  80  and  115  ft.,  respectively,  are  always 
below  the  surface  of  the  reducing  zone  and  have  thick 
black  deposits ;  Stations  21  and  22  at  depths  of  50  ft. 
and  65  ft.  are  alternately  oxidized  and  reduced  by 
fluctuations  of  the  reducing  surface  and  are  laminated 
and  banded  accordingly ;  and  Station  20,  at  a  depth  of 
45  ft.,  is  in  an  oxidizing  hydrographic  environment 
and  is  composed  entirely  of  gray  sediment.  Thus, 
relatively  long-term  fluctuations  in  the  depth  to  the 
oxygen-deficient  zone  may  produce  banding  in  sedi¬ 
ments  whose  depth  is  near  that  of  the  seasonally 
oxygen-deficient  zone,  while  minor  oscillations  in  the 
surface  of  the'  reducing  zone  would  produce  lamina¬ 
tions  in  the  sediments  lying  at  depths  where  the  reduc¬ 
ing  zone  "feathers  out”  against  the  bottom.  Sections 
B-B'  and  C-C'  show  incomplete  sedimentary  struc¬ 
tures,  assuming  the  proposed  model.  In  section  B-B' 
a  banded  core  (Station  47)  occurs  at  a  depth  of  60  ft. 
(compare  with  banded  core  22  at  a  depth  of  65  ft. 
in  A-A'),  but  no  trace  of  laminations  is  evident  in 
shallower  sediments.  Section  C-C'  contains  neither 
banding  nor  laminations. 

The  incomplete  nature  of  the  structures  in  B-B'  and 
C-C'  may  be  attributable  to  sampling,  bottom  con¬ 
figuration,  non -deposition  or  erosion,  or  destruction. 
Sampling  error  cannot  lie  evaluated  but  always  exists 
as  a  possibility.  In  section  B-B'  and  C-C'  a  break 
in  slojie  occurs  at  a  depth  of  40  to  50  ft.  with  pro¬ 
nounced  flattening  of  the  liottom  at  shallower  depths 
A  small  decrease  in  the  depth  to  the  oxygen-deficient 
zone  would  flood  large  areas  in  the  southern  portion 
with  tow-oxygen  waters.  There,  influxes  of  the  re¬ 
duced  water  into  shallow  regions  would  produce  black 
sediments  which  are  represented  as  a  thin  surface 
layer.  Samples  48  in  B-B'  and  92  and  93  in  C-C'  ex¬ 
hibit  the  anomalous  characteristic  of  being  entirely 
gray  while  lying  at  depths  sufficient  to  produce  black 
sediment.  Explanations  for  this  phenomenon  include 
the  possibilities  that  the  central  jiortion  of  the  Ray  is 
one  of  non-dc]K>sition.  and  that  the  occurrence  of  the 
gray  sediment  at  or  near  the  break  in  slope  along  the 
western  edge  of  the  channel  suggests  slumping  of  the 
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relatively  weak  black  sediment.  This  area  of  gray 
sediment  with  little  or  no  black  overlying  it  extends 
the  length  of  the  study  area  and  from  depths  of  50  to 
80  ft.  (Fig.  5). 

Organisms  may  play  a  significant  role  in  the  de¬ 
struction  of  sedimentary  structures  by  burrowing  ac¬ 
tivities  which  homogenize  the  sediments.  Quantitative 
data  are  not  available  on  the  distribution  or  signifi¬ 
cance  of  burrowing  organisms  in  this  area  of  the  Bay. 

GEOLOGICAL  SIGNIFICANCE 

Three  points  of  geological  significance  may  be  in¬ 
ferred  as  a  result  of  this  study.  Chesapeake  Bay  may 
serve  as  a  model  for  the  deposition  of  disseminated 
and  bedded  sedimentary  pyrite:  for  sufficient  condi¬ 
tions  for  the  deposition  of  dark,  highly  organic  shales ; 
and  for  a  possible  explanation  concerning  the  nature 
and  significance  of  the  color  of  modem  and  ancient 
•‘euxinic"  sediments. 


Love  (1962)  and  Love  and  Zimmerman  (1961  i 
have  studied  pyrite-hearing  Permian  and  Precambrian 
shales.  They  have  shown  that  the  pyrite  is  intimately 
associated  with  microfloral  remains,  and  argue  for 
early  diagenetic  formation  of  the  pyrite.  The  presence 
of  authigcnic  pyrite  in  buried  Clirsa|tcakc  Bay  muds 
provides  an  environmental  model  suggesting  the  tin..’ 
of  formation  and  the  conditions  under  which  such  dr 
posits  may  have  originated. 

Bates  and  Strahl  i  1957  ).  and  Campbell  (1946 1,  in 
studies  of  the  Chattanooga  and  New  Albany  shales, 
found  pyrite  occurring  in  three  "genetic”  types :  (1 ) 
massive  crystals  up  to  one-half  inch  square;  (2)  fine 
(15/*)  pyrite  disseminated  throughout  thick  strati¬ 
graphic  sequences;  and  (.1)  finely  crystalline-bedded 
pyrite  occurring  as  stringers  or  lenses.  Small  pyrite 
crystals  occur  disseminated  throughout  the  deejier 
water  sediments  of  Chesapeake  Bay  and  discrete  zones 
of  disseminated  pyrite  occur  in  the  shallower  water 


Table  8.  Measured  parameters  and  inferred  causes  in  Chesapeake  Bay  sediment  and  water. 


WATER  COLUMN 
Obsmotiim 
Shallow 

pH  8  1 

High  O,  I 

Average  SO.  f 
Eh++  | 

Intermediate 
pH  7  8 

Intermediate  O, 
Fluctuating  SO. 
F-h  + 


Peep 

pH  7.6  . . 
<)-  =  O 
High  SO. 
Eh  =  O 


P'lmmoliHi)  Influence 


Normal  estuarine  conditions 


Mixing  of  surface  anil  deep  waters 


Oxidation  of  organic  matter  H,S  -*  SO,  -f  H-F 
Bioiogical  activity,  inorganic  reduction 
Oxidation  of  HtS  to  SO. 

O.  =  O 


SEDIMENT 

Interface 

Black 

Black  color  . 

pH  increasing  then  decreasing. 

O,  _  O . 

Decreasing  SO, . 

Eh  - . 

High  water  rontent . 

Gray 

(•ray  color 

(>,  =  (>.  pH  H 

SO.  constant  Kh  =  O,  slightly 
lane  water  oaitcnt . 


Interim,- 


Presence  of  hydrotruilitr 


) 

I 


Bacterial  reduction  of  SO, 
Inorganic  oxidation  of  SO. 
C<  h  from  organic  mattrr 


Inherited  irieti  overlying  water 
Microbiological  reduction  of  SO, 

Slate  of  organic  matter,  iron,  and  sulfur  species 
Presence  of  hvdrotroiluc 


Natural  sediment  color 

Ptminuation  or  crssatn at  of  biological  activity, 
approach  to  inorganic  equilibrium 

Absence  of  hydrotroilite 
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sediments.  No  massive  pyrite  crystals  occur  in  mod¬ 
ern  Chesapeake  Hay  sediments.  The  model  presented 
for  deposition  of  Chesapeake  Hay  sediments  may  lie 
useful  in  determining  the  origin  and  relationship  he- 
tv.  een  liedded  and  disseminated  pyrite  in  ancient  sedi¬ 
ments. 

(ieologists  have  long  believed  highly  organic,  non- 
tossiliferous,  pyritiferous  shales  to  lie  the  product  of 
extended  stagnant  hydrographic  conditions.  In  Chcsa- 
l»oake  Hay.  however,  stagnant  conditions  exist  in  the 
water  column  only  for  short  periods,  yet  are  sufficient 
to  produce  what  may  be  characterized  as  an  euxinic 
sediment.  Thus,  in  the  interpretation  of  the  environ¬ 
ment  of  deposition  of  similar  ancient  sediments,  short¬ 
term  stagnancy  is  a  condition  sufficient  to  produce  the 
effect  of  permanent  stagnancy.  This  observation  has 
paleo-ecological  implications  in  that  the  so-called 
“dwarfed”  fauna  of  highly  organic  shales  may  in  fact 
merely  be  juvenile  in  some  cases.  Cloud  i'1948)  sug¬ 
gested  accumulation  of  immature  specimens  as  a  pos¬ 
sibility  for  producing  assemblages  of  small  brachipods. 

Investigators  of  Recent  euxinic  sediments  gener¬ 
ally  attribute  black  color  to  mestastablc  hydrotroilite 
i  Emery,  1960 ;  Emery  and  Rittenlierg.  1952;  Man- 
heim,  1961  :  ()p]ienlieinier.  1960;  Priddy,  1954;  Sinir- 
now.  1958;  Van  Straatcn,  1954).  Black  color  in 
shales  is  usually  attributed  to  carbonaceous  matter, 
black  rock  or  mineral  fragments,  or  amorphous  fer¬ 
rous  sulfide  (Twenhofel,  1926).  There  is  only  one 
reported  instance  of  amorphous  ferrous  sulfide  (hy¬ 
drotroilite)  in  ancient  sediments  (Priddy.  1954).  On 
the  other  hand,  data  from  this  report  (F.mery  and 
Rittenherg,  1952;  Van  Straaten.  1954)  suggest  that 
hydrotroilite  in  Recent  sediments  abers  to  pyrite 
within  a  relatively  short  interval,  and  the  sediments 
lose  their  black  -olor.  Two  |>ossibilities  are  suggested 
as  explaining  the  scarcity  of  |>ermanently  black  sapro¬ 
pelic  modern  sediments;  they  are  not  being  deposited 
in  modern  environments  thus  far  sampled,  or  hlack 
color  in  shales  is  not  necessarily  a  "primary”  feature. 

SUMMARY 

As  a  result  of  data  accrued  from  this  and  previous 
geological  and  oceanographic  investigations  of  Uhesa- 
|ieake  Hay,  correlations  between  observations  and 
dominating  influences  seem  justified.  A  "typical”  se¬ 
ntience  of  measured  parameters  is  presented  in  Table 
8  together  with  assigned  major  influences  on  these 
parameters,  Ixitli  in  the  water  column  anti  the  sedi¬ 
ment. 

It  ap|>ears  that  the  difference  between  pi  I  in  the 
water  column  and  in  surface  water  is  due  to  the  C03 
produced  by  oxidation  of  organic  nutter  in  sediments, 
as  well  as  ll,S  oxidation  u|kmi  escajie  from  the  sedi¬ 
ments.  Low  ()j  concentrations  in  tleep  water  are  pri- 
mariiv  a  result  of  biological  anti  inorganic  depletion 
The  high  SO,  concentration  in  tleep  water  is  a  ---suit 
of  H,S  oxidation  there,  while  l.h  in  the  water  column 
ap|»ears  to  lie  a  function  of  t  >-  concentration 

Hlack  color  in  the  sediments  is  due  to  tire  presence 
of  hvdrotroihte.  while  gray  green  ap|>ears  to  Ire  the 


“natural"  color  reflected  in  those  sediments  where 
hydrotroilite  has  been  converted  to  pyrite  or  has  never 
been  de\K)sited  (as  in  handed  cores).  Oxygen  is  not 
detectable  in  the  sediment  pore-water,  this  being 
either  an  inherited  characteristic  from  the  overlying 
water  or  a  result  of  organic  or  inorganic  processes. 
Sulfate  in  the  black  sediments  varies  with  micro¬ 
biological  reduction,  and  becomes  stabilized  in  deeper 
gray  sediment.  Eh  varies  with  the  state  of  organic 
matter,  iron,  and  sulfur.  It  is  low  in  black  sediments 
where  sulfate  and  the  Fe+-f +/Fe-f  +  are  lowest  and 
organic  matter  is  highest,  and  is  higher  in  the  gray 
sediment  where  SO4  and  Fe-H-+/Fe++  are  highest 
and  organic  matter  lowest.  The  pH  of  the  sediments 
basically  reflects  organic  oxidation  on  which  is  super¬ 
imposed  the  degree  of  sulfate  reduction.  Water  con¬ 
tent  is  high  where  hydrotroilite  is  present,  and  char¬ 
acteristically  lower  in  non-hydrotroilite-bearing  gray 
sediments. 

The  widespread  occurrence  of  black  sediment  un¬ 
derlain  by  gray  material  containing  pyrite  is  the  re¬ 
sult  of  sedimentation  in  areas  where  the  overlying 
water  contains  no  oxygen  and  FeS  HsO  or  hydro¬ 
troilite  is  precipitated.  With  time  the  hydrotroilite 
is  converted  to  pyrite  and  the  sediment  loses  its  black 
color.  Restricted  occurrences  of  banded  black  and 
gray  sediments  result  fiom  deposition  in  alternating 
oxygen-starved  and  oxygenated  waters. 

Some  gray  sediments  from  the  shallow  western  por¬ 
tion  of  the  study  area  contain  no  pyrite,  indicating 
that  hydrotroilite  was  never  precipitated. 

It  seems  quite  probable  that,  in  the  geological  rec¬ 
ord,  deep-water  Chesapeake  Bay  sediments  would  be 
characterized  as  homogeneous  gray-green  organic 
shales  containing  pyrite  and  scattered  shell  and  sand 
layers.  The  present  banded  sediments  may  result  in 
gray-green  organic  shales  and  sandy  shales  with  alter¬ 
nating  pyrite-  and  non-pyrite-bearing  beds. 
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Compactness  Variability  of  Estuarine  Sediments:  An  In  Situ  Study 

ROBERT  L.  McMASTER 

Graduate  School  of  Oceanography,  University  of  Rhode  Island,  Kingston,  Rhode  Island 


In  a  recent  study  compactness  variability  of  marine 
sediments  was  investigated  under  laboratory  condi¬ 
tions.  Several  types  of  marine  sediments  were  main¬ 
tained  in  a  continuous  unfiltered  saltwater  flow  for 
one  observational  year  (McMaster,  1962).  In  water 
temperatures  that  ranged  from  18°C.  to  5°C.  sands 
were  found  to  show  a  significantly  greater  dilatancy 
in  summer  than  in  winter  whereas  the  compactness 
values  for  the  clayey  silts  indicated  no  significant  sea¬ 
sonal  variation. 

The  purpose  of  this  paper  is  to  report  further  in¬ 
vestigations  into  compactness  of  marine  sediments  in 
situ. 

In  this  study,  as  in  the  previous  one.  variations  in 
degrees  of  compactness  for  natural  sediments  include 
both  volume  expansions  and  contractions. 

FI  ELI)  INVESTIGATION 

I  .NSTKl'  MENTATION 

The  instrument  used  to  study  compactness  of  ma¬ 
rine  sediments  in  situ  was  the  “Narragansett  Pene¬ 
trometer”  which  has  been  described  previously  (Miller 
and  Nixon,  1953).  Briefly,  the  basic  part  of  this  de¬ 
vice  is  an  electric  motor  that  drives  a  threaded  rod. 
This  rod  engages  a  special  nut  that  has  been  welded 
to  a  long  stainless  steel  tube  with  a  cylindrical  probe 
(area — 521.2  cm-)  secured  to  its  end.  The  direction 
in  which  the  motor  turns  causes  the  threaded  rod  to 
move  the  tube  and  its  probe  cither  up  or  down.  This 
assembly  is  mounted  on  a  heavy  frail;.-  by  means  of  a 
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Fig.  1.  Index  map  of  tlie  study  area  with  the  locations 
of  the  testing  stations. 


thrust  plate  and  this  plate  is  subject  to  bending 
stresses  as  the  probe  moves  against  a  resisting  surface. 
The  penetrometer  unit  is  supported  by  a  1.5  m  di¬ 
ameter  steel  plate  ring  on  which  lead  weights  may 
be  placed.  For  this  investigation  the  total  weight,  in 
salt  water,  was  maintained  at  232  kg. 

Strain  gauges  are  attached  to  the  thrust  plate  and 
the  responses  of  these  gauges  under  stress  are  fed 
into  a  time  axis  recorder  with  a  25  cm  diameter 
chart.  These  load  responses  are  calibrated  in  pres¬ 
sure  units  by  means  of  special  springs. 

In  the  field,  the  penetrometer  was  used  to  apply  an 
increasing  load  at  a  specific  rate  upon  the  surface 
layers  of  certain  sediment  types,  and  record  the  be¬ 
havior  of  these  sediments  to  this  comprcssional  force 
in  units  of  grams  per  square  centimeter  and  seconds. 
During  this  study  the  probe  moved  at  a  rate  of  3 
mm/sec  whereas  the  clock-driven  chart  made  a  revo¬ 
lution  every  six  minutes. 

Test  Sites  and  Testing  Procedures 

The  Narragansett  Bay  system  is  an  extensive  series 
of  deep  but  connected  embayments  which  lies  within 
Rhode  Island  and  southeastern  Massachusetts.  A 
small  area  in  West  Passage  of  this  system  was  se¬ 
lected  for  compactness  studies  (Fig.  1).  In  this  area 
a  variety  of  sediment  types  occur  on  the  bottom:  sa¬ 
linities  vary  between  31—32  %B ;  water  temperatures 
along  the  bottom  range  front  0“C.  to  21  *C.  during  the 
seasons  (Fig.  2)  ;  tidal  currents,  flowing  north-south, 
attain  velocities  of  0.5  to  approximately  1  knot  at  the 
surface. 

Within  this  area  four  test  stations,  based  primarily 
on  sediment  type,  were  established  and  with  the  aid 
of  scuba  divers  and  bottom  photographs,  a  description 


Fig.  2.  Bottom  water  temperatures  within  the  study 
area  for  1962-63  (From  D.  M.  Pratt,  personal  communi¬ 
cation). 
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Table  1.  Texture  of  sediments  at  test  stations. 


Sk* 

1.09 

1.08 

070 

1.09 


of  the  bottom  at  each  of  these  stations  can  lie  sum¬ 
marized.  Station  H,  depth  7.3  m,  is  a  sand  bottom 
which  is  almost  completely  covered  with  Crepidula 
shells  (1-2.5  cm  in  height)  and  shell  fragments. 
Worm  tubes  are  also  common.  Station  A,  depth  8.2 
m,  is  a  clayey  silt  with  pronounced  biological  activity. 
Some  mounds,  pits,  and  shells  are  found  in  the  bot¬ 
tom.  Station  F,  depth  5.5  m,  is  sandy  silt  with  nu¬ 
merous  shells  and  she'!  fragments.  Station  S,  depth 
3  m,  has  a  sand  bottom  with  a  few  shells,  but  abun¬ 
dant  worm  tubes. 

Although  it  was  planned  to  visit  each  of  these  sta¬ 
tions  at  monthly  intervals  during  the  observational 
year,  weather  and  instrument  failures  modified  this 
effort.  When  tests  were  made,  however,  the  vessel 
was  anchored  on  station  and  the  penetrometer  placed 
on  the  bottom.  After  each  measurement  the  instru¬ 
ment  was  raised  and  the  anchor  line  was  adjusted  so 
that  the  ship  moved  some  3  m  from  the  previous  spot. 
In  this  manner  approximately  ten  random  tests  were 
made  over  a  small  area  around  the  station. 

At  the  same  time  water  temperatures  were  meas¬ 
ured  some  2.5  cm  above  the  Dottom  interface  by  means 
of  a  telethermometer.  An  attempt  was  made  to  record 
temperatures  in  the  softer  silts,  but  as  the  results  were 
essentially  the  same  as  he  bottom  water  measurements 
the  effort  was  not  continued. 

Bottom  grab  samples  were  also  collected  several 
times  during  the  investigation  at  random  spots  near 
each  station.  These  samples  were  analyzed  by  sieving 
and  hydrometer  according  to  standard  procedures, 
and  representative  results  for  each  station  are  shown 
in  Table  1.  Previous  mineralogica!  studies  in  the 
same  area  show  that  the  sand  fraction  is  composed 
essentially  of  quartz;  the  silt  fraction  of  quartz  and 
illite  chlorite  mixture;  and  the  clay  fraction  of  illite 
and  some  chlorite  and  montmorillonite. 

RESULTS 

Several  underwater  observations  were  made  by 
scuba  divers  in  an  attempt  to  learn  something  of  the 
relationship  between  the  action  of  the  prolie  and  re¬ 
action  of  the  sediment.  On  sand  bottoms  the  probe 
apparently  pushed  down  about  1  on  below  the  inter¬ 
face  during  the  testing  period.  No  obvious  displace¬ 
ment  of  sediment  around  the  outside  of  the  probe  was 


Components  by  percent 


Quartile  measur 
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tion 
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Sand 

Silt 

Clay 

Md. 

(mm) 

So" 

s 

2* 

76 

18 

4 

0.11 

1.8 

F 

6‘ 

37 

45 

12 

0.05 

3.2 

A 

1* 

16 

63 

20 

0.02 

2.8 

H 

4* 

80 

11 

S 

0.21 

1.7 

1  Plus  2  mm  pa 

rticlea. 

*  Sorting  coefficient  (Trask,  1932). 
■  Skewness  (Trask,  1932). 

*  Mostly  shells. 

•All  shell 


observed,  nor  was  there  any  noticeable  recovery  of 
the  sediment  following  the  extraction  of  the  probe. 
At  Station  II  jets  of  tine  sediment  and  organic  mat¬ 
ter  were  visible  as  the  probe  made  initial  contact  with 
the  bottom ;  also  some  Crepidula  shells  were  found  be¬ 
neath  the  probe  after  it  was  raised.  At  Station  S  im¬ 
prints  of  the  probe  from  previous  tests  were  observed 
in  the  bottom.  These  imprints,  measuring  about  1  cm 
in  depth,  had  well-defined  edges.  These  features  were 
not  seen  at  Station  H,  however. 

In  clayey  silt,  observations  indicated  that  after  con¬ 
tact  there  was  some  flowage  of  fine  sediment  from  be¬ 
neath  the  penetrating  probe  in  which  the  material 
actually  surged  during  its  upward  and  outward  move¬ 
ment.  The  probe  moved  only  some  5  cm  below  the 
undisturbed  interface  but  flowage  built  up  a  rim  of 
sediment  about  2.5  cm  in  height. 

Representative  compression  curves  for  various  sedi¬ 
ment  types  during  two  periods  of  the  year  are  pre¬ 
sented  in  Figure  3.  These  curves,  composed  of  several 
segments,  begin  with  downward  or  negative  slopes 
which  level  off  in  distinctive  terraces.  These  terraces 
are  followed  by  abrupt  changes  in  slope  as  the  pres¬ 
sure  builds  up.  This  latter  segment  is  characterized 
by  several  minor  changes  in  inclination  and  other  ir¬ 
regularities.  Hooks  mark  the  points  at  which  the 
probe  was  stopped  arbitrarily,  but  apparently  reflect 
some  readjustment  of  the  sediment  to  the  applied  load. 
The  sand  curves  are  smooth  and  descend  more  sharply 


Eig.  3.  Representative  compression  curves  for  sediment 
types  during  the  testing  period  ( 1962-63). 
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Table  2.  Analysis  of  variance  for  compression 
values — Station  S. 


Sum  of 

Mean 

F 

squares 

d.f. 

square 

ratio 

Category  means 

601.76 

1 

601.76 

347.84'  ( 

Within 

154.05 

89 

1.73 

T  otal 

755.81 

90 

'  F.95  (1,  89)  =  3.96. 

than  those  of  sandy  silt  and  clayey  silt.  The  lower 
parts  of  the  sandy  silt  and  clayey  silt  curves  show  a 
distinct  pulsating  effect  which  gives  these  curves  a 
very  irregular  appearance. 

Apparently  the  variation  in  the  degree  of  compact¬ 
ness  for  each  sediment  type  is  related  to  the  changing 
position  of  the  terrace  in  the  initial  part  of  its  com¬ 
pression  curve.  Close  scrutiny  of  the  curves  in  Figure 
3  reveals  that  the  location  of  these  terraces  varies  with 
sediment  types  and  time  of  the  year. 

STATISTICAL  ANALYSES 

An  analysis  of  variance  was  used  to  compare  the 
positions  of  the  terraces  for  each  sediment  type  dur¬ 
ing  the  two  periods  of  the  year  (Dixon  and  Massey, 
1957).  First,  mean  values  and  variances  were  deter¬ 
mined  for  the  compression  readings  ( g/cm2 )  of  the 
terraces  for  the  test  populations  of  july-October  and 
Januarv-March.  As  the  variances  were  approximately 
the  same  during  these  periods  for  the  same  sediment 
type,  an  analysis  of  single  classification  variance  was 
used  to  test  the  hypothesis  that  the  mean  pressure 
values  of  the  July-October  period  were  equal  to  the 
mean  pressure  readings  for  the  1  Mn"-h  period. 

The  results  are  presented  m  T- M.  2  c  At  me  a 
percent  confidence  level,  means  for  each  sediment  type 
during  the  July-October  period  are  significantly  dif¬ 
ferent  from  those  of  the  winter  months. 

Confidence  limits  for  the  means  were  calculated  at 
the  95  percent  level  and  these  results  are  presented  in 
Figures  4  and  5  (Dixon  and  Massey.  1957). 

DISCUSSION 

Is  variation  in  the  degree  of  compactness  for  the 
sediment  type  represented  by  the  changing  position  of 
the  terrace  in  the  initial  parts  of  the  compression 
curves?  Laboratory  studies  strongly  suggest  that  the 
answer  is  affirmative. 


Table  3.  Analysis  of  variance  for  compression 
values — Station  F. 


Sum  of 

Mean 

F 

squares 

d.f, 

square 

ratio 

Category  means 

190.72 

1 

190.72 

108.98“  (S) 

Within 

143.80 

82 

1.75 

Total 

334.52 

83 

Table  4.  Analysis  of  variance  for  compression 
values — Station  A. 


Sum  of 

Mean 

F 

squares 

d.f. 

square 

ratio 

Category  means 

20.9 

1 

20.9 

22.96'  ( 

Within 

70.4 

77 

0.91 

Total 

91.3 

78 

1  F.95  <1,  77)  = 

3.98. 

Simulated  laboratory  tests  were  made  in  a  large 
pan  (diameter  34.3  cm,  depth  15  cm)  which  was 
filled  with  beach  sand  to  a  height  of  10  cm.  The  sand 
was  packed  and  then  4  cm  of  water  were  added  above 
the  saturated  sand  surface.  The  load  probe  was  run 
against  the  sand  and  its  resistance  recorded  in  the 
same  manner  as  in  the  field.  Next  the  top  1  cm  of 
sand  was  raked  and  the  probe  was  lowered  again. 
These  tests  were  repeated  several  times  with  the  re¬ 
sults  which  are  summarized  in  Table  6.  In  packed 
sand  the  terrace  of  the  curves  developed  at  a  pressure 
of  2.6  g/cm2  whereas  in  loose  surface  sand  the  terrace 
did  not  form  until  the  compression  reached  6.5  g/cm2 
when  the  load  was  applied  at  the  same  rate. 

As  Abbott  (1960)  states,  ‘‘All  processes  of  con¬ 
solidation  in  semi-pervious  compressible  soils  can  be 
explained  in  terms  of  a  transfer  of  load  from  an  in¬ 
compressible  pore-water  to  a  compressible  soil  struc¬ 
ture.  The  consolidating  load  is  generally  initiated  by 
changes  of  pressure  at  the  soil  boundaries,  these 
changes  setting  up  pressure  gradients  in  the  soil  with 
a  consequent  flow  of  water  to  the  boundaries.  The 
loss  of  soil-water  resulting  from  this  flow  allows  the 
transfer  **  ’"-d  to  the  soil  structure  and  h-  ■ 
soiidat:  in.” 

Sugden  (1950)  has  presented  and  discussed  a  mech¬ 
anism  of  sedimentary  compaction.  Fui  normal  sedi¬ 
ments  he  recognized  a  pressure  system  that  is  com¬ 
posed  of  hydrodynamic  and  intergranular  pressures. 
The  hydrodynamic  pressure  is  defined  as  the  fluid 
pressure  in  excess  of  normal  hydrostatic  pressure 
within  the  sediment  which  results  from  external  com¬ 
pression.  On  the  other  hand,  intergranular  pressure 
is  defined  as  the  pressure  excluding  ionic  or  atomic 
structural  forces,  active  between  the  points  of  contact 
of  the  grains  of  a  sediment  or  between  We  points  of 
contact  of  the  adsorbed  water  films  surrounding  the 
grains. 

Table  5.  Analysis  of  variance  for  compression 


values — Station 

H. 

Sum  of 
squares 

d.f. 

Mean 

square 

F 

ratio 

Category  mea  ts 

10.15 

1 

10.15 

8.19“  (S) 

Within 

Total 

92.91 

1C  3.06 

75 

76 

1.24 

1  r  .95  (.  75)  —  3.98. 


•  F.95  0,  82)  =  3,97. 
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Fig.  4.  Comparison  of  mean  terraces  of  compression 
curves  during  July-October  and  January-March  at  Sta¬ 
tions  S  and  F. 


At  the  time  of  deposition  Sugden  (1950)  hypothe¬ 
sizes  the  following  conditions.  For  a  coarse  sediment 
with  greater  permeability  but  lower  porosity  than  its 
finer-grained  equivalents,  th<*  \uumc  of  adsorlied  film 
water  will  be  very  small  as  compared  with  the  total 
volume  of  particles  or  pore  space  so  that  the  grains 
may  be  considered  as  virtually  touching  one  another. 
The  fine  sediment,  composed  in  part  of  dav-sized 
grains,  normally  consists  of  a  numlxr  of  flocculated 
or  partly  flocculated  particles,  the  majority  of  which 
may  not  lie  in  full  contact  with  most  ol  their  neighbors 
liecause  of  the  presence  of  adsorbed  water  films. 

When  a  sedimentary  load  is  applied  to  fine-grained 
sediments  Sugden  finds  that  the  increasing  |*essure 
will  reduce  the  equilibrium  volume  at  which  adsorlied 
water  films  of  smaller  thickness  surround  the  grains 
and  the  permeability  will  lie  reduced  by  the  closer 
approach  ui  the  particles  and  their  quasi-rigid  ad- 

Table  6.  laboratory  tests  of  compactness  in  sand. 

Time  terrace  Time  terrace 

Condition  appears  Pressure  terminates 

of  sand  (sec,)  l|  fm’i  imi.'i 

Loose  0.8  65  1.3 

Packed  OS  2.6  13 


sorbed  water  films.  The  late  at  which  the  water  is 
driven  out  will  depend,  in  part,  on  the  permeability  of 
the  sediment  and  the  viscosity  of  the  water.  Eventu¬ 
ally  the  intergranular  pressure  will  virtually  eliminate 
the  water  films  at  the  points  of  contact  of  the  grains. 
If  compression  is  applied  rapidly  enough  to  a  very 
porous  sediment  the  impermeable  internal  structural 
framework  may  be  partly  destroyed  and  the  sediment 
may  become  more  or  less  fluid. 

With  this  background,  we  can  now  focus  attention 
un  the  behavior  of  various  sediments  under  the  in¬ 
fluence  of  the  penetrometer  probe.  Any  given  small 
area  of  bottom  is  not  necessarily  level  or  smooth. 
When  the  impervious  probe  strikes  the  sediment  sur¬ 
face,  contact  is  made  first  with  the  irregularities 
caused  by  differing  grain  sizes  or  structures  in  the 
form  of  shells  or  animal  effects.  This  contact  is  re¬ 
flected  by  the  initial  downward  slope  of  the  compres¬ 
sion  curve.  As  the  probe  moves  down  the  resulting 
resistance  is  transmitted  within  the  surface  layers  as 
an  increase  in  hydrodynamic  and  intergranular  pres¬ 
sures.  The  equilibrium-adsorbed  water  films  are  dis¬ 
turbed  and  finally  reduced  in  thickness  as  the  pore 
water  begins  to  move  away  from  the  center  of  in¬ 
creasing  pressure.  At  the  same  time  some  readjust¬ 
ment  of  grains  is  taking  place,  especially  along  the 
sediment  interface.  A  critical  pressure  is  soon  reached. 


TIME  (SECONDS) 


Fig.  5  (  imqiarmm  of  mun  terraces  of  c<  impression 
curves  during  July-October  and  January -March  at  Sta¬ 
tions  A  and  H. 
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Fig.  b.  Mean  compression  curves  for  the  various  sedi¬ 
ment  ty|ies  during  the  Jul) -October  period.  Pulsating 
part  of  the  curves  is  not  included. 


•:  \  wlkwl.  is  dependent  on  the  teiativc 

thickness  of  the  higher-porosity  surface  layers.  At 
this  point  the  interstitial  water  is  flowing  out  of  the 
sediment  and  concomitantly  the  particles  aie  packed 
more  closely.  These  activities  within  the  surface 
laminae  are  reflected  by  the  terrace  of  the  compres¬ 
sion.  curve  and  denote  the  confused  state  in  the  sedi¬ 
ment.  The  effect  oi  these  actions  produces  *  more 
tightly  packed  sediment  beneath  the  probe  which  re¬ 
sults  in  the  sharp  negative  slope  of  the  pressure  curve 
that  follows  the  terrace. 

\\  hen  the  depth  to  which  the  surface  grains  are 
loosely  packed  is  at  its  maximum  during  the  July— 
October  period,  the  compression  necessars  to  initiate 
general  readjustment  rf  particles  ami  water  expulsion 
is  cater  than  the  pressure  needs!  when  the  depth  is 
minimum,  as  in  winter.  It  will  be  noted  that  the  ter¬ 
race  effect  begins  sooner  when  water  temperatures 
are  near  f reeling  at  all  the  test  sites  except  Station 
II  ,\p|iarently  the  outermost  surface  grains  are  es¬ 
sentially  the  only  grains  that  undergo  any  marked 
reorientation  under  these  conditions.  However,  when 
the  surface  particle*  and  several  layers  of  adjacent 
grain*  are  included  as  a  tone  of  loosely  packed  sedi¬ 


ment,  a  greater  pressure  over  a  slightly  lcng“r  »«•»** 
is  needed  to  bring  these  laminae  to  the  point  of 
eral  particle  readjustment  and  water  expulsion  (i.e., 
the  terrace  effect). 

It  is  believed  that  the  pulsating  effect  noted  on  the 
lower  part  of  the  sandy  silt  and  clayey  silt  compres¬ 
sion  curves  (Fig.  3)  is  the  result  of  oozing  of  the 
sediment  from  beneath  the  descending  probe.  This 
effect  begins  when  the  probe  reaches  some  1-1.2  cm 
below  the  original  sediment  interface  and  corresponds 
to  the  action  hy|x>thesized  by  Sagden  and  observed  by 
the  scuba  divers.  Apparently  a  critical  pressure,  which 
is  sufficient  to  cause  a  breakdown  of  the  interna!  struc¬ 
ture  of  this  high-porosity  sediment,  is  reached  and  the 
material  flows.  This  interval  is  marked  by  a  terracing 
or  upward  slope  on  the  curves  and  occurs  systemati¬ 
cally  as  the  sediments  surge  in  response  to  each  in¬ 
creasing  buildup  of  pressure. 

For  each  sediment  type,  regardless  of  the  season, 
it  is  apparent  that  the  terraces  terminate  at  roughly 
the  same  time  (Figs.  4  and  5).  This  means  that  the 
probe  moves  approximately  the  same  depth  into  the 
sediment  and  therefore  produces  the  same  equilibrium 
volume  under  differing  conditions,  but  requires  sig- 

tmf  (seconds) 
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Fig.  7.  Mean  compicsskxt  curves  for  the  various  sedi¬ 
ment  type*  during  the  January -March  period.  PuJ*4tmg 
part  of  the  curves  is  not  included. 
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Table  7.  Comparative  compression  values  tor  sev¬ 
eral  observation  periods. 


Pressure  (g/cmJ) 

Jan.-Mar. 

April 

July-Oct 

St.  S.  (sand) 

1.6 

3.5 

6.7 

St  F  (sandy  silt) 

1.4 

2.8 

4.4 

St  A  (clayey  silt) 

1.5 

1.4 

2.6 

St.  H  (sand) 

2.2 

3.9 

2.9 

nificantly  different  compression  values  to  create  the 
same  volumetric  effects. 

If  mean  curves  are  prepared  by  averaging  pressure¬ 
time  points  tor  each  sediment  ty  pe  Juiing  each  period 
(Figs.  6  and  7)  comparisons  may  be  made  of  the 
orientation  of  the  mean  terraces  and  post-terrace 
curves  for  the  various  sediment  types.  During  warm- 
water  conditions  (Fig.  6),  with  the  exception  of  the 
Station  H  sand,  one  finds  a  relationship  between  grain 
size  and  position  of  the  terraces.  As  the  particle  size 
decreases  there  is  a  regular  decrease  in  the  pressure 
of  the  corresponding  terrace  so  that  higher  compres¬ 
sion  values  are  associated  with  sand  and  the  lowest 
pressure  level  with  clayey  silt.  When  a  load  is  applied 
to  sand  it  takes  a  greater  force  to  initiate  a  general 
readjustment  of  the  surface  grains  than  that  necessary 
for  the  more  porous  sandy  and  clayey  s:lts.  Conse¬ 
quently,  over  the  initial  segment  of  the  curve  there  is 
a  systematic  increase  in  the  rate  at  which  the  pressure 
rises  as  the  proportion  of  sand  becomes  larger. 

The  curves  for  January-March  do  not  show  the 
pattern  exhibited  by  those  of  the  July-October  period 
(Fig.  7).  The  terraces  for  sand  occur  at  the  highest 
pressures  but  the  terraces  for  clayey  silt  are  above 
those  of  sandy  silt.  Initial  rates  of  increase  in  pres¬ 
sure  follow  the  same  order.  In  interpreting  this  ap¬ 
parent  pattern  one  must  recognize  the  difficulties  in 
reading  values  for  the  0-0.5  second  time  interval  on 
the  scale  of  these  curves.  A  slower  prolie  velocity 
coupled  with  a  faster  chart  speed  might  have  made 
this  pattern  more  consistent  with  that  ot  tne  Jnly- 
October  period.  However,  none  of  these  initial  slopes 
for  the  January-March  period  is  as  great  as  that  of 
clayey  silt  during  July-October.  This  finding  may  be 
related  to  the  magnitude  of  loosely  packed  grains  at 
or  near  the  interface. 

Within  each  observation  period  the  length  of  time 
that  each  terrace  is  maintained  shows  no  consistent 
trend  (Figs.  6  and  7).  However,  in  the  January- 
March  period  the  duration  of  terraces  for  all  sediment 
types  is  consistently  longer  than  that  for  the  July- 
October  period. 

It  is  disturbing  that  the  behavior  of  the  sand  at 
Station  H  is  anomalous.  Apparently  the  widespread 
occurrence  of  Crepidula  shells  along  the  bottom  sur¬ 
face  is  a  factor  in  modifying  the  normal  behavior  of 
the  inorganic  particles  under  the  probe.  Because  of 
the  heavy  concentration  of  these  shells,  it  is  almost  im¬ 
possible  to  run  the  probe  into  the  bottom  without  mak¬ 
ing  contact  with  at  least  one  of  these  shells. 


A  study  of  the  m<*»n  curves  (Figs.  6  and  7)  indi¬ 
cates  that  there  are  greater  rates  of  pressure  buildup 
after  the  terraces  than  over  the  initial  part  of  the 
curves  before  the  terraces.  Moreover,  these  curves 
show  that  beyond  the  terrace  break  there  is  a  pro¬ 
gressive  decieasi  in  rate  at  which  the  pressure  is  very 
similar  for  each  sediment  type  ,egardless  of  season, 
again  with  the  exception  of  the  sand  of  Station  H. 

Although  data  are  meager,  s^me  consideration  must 
be  given  to  transitional  periods.  It  seems  apparent 
that  the  tightest  packing  conditions  must  be  associated 
with  the  periods  in  which  the  water  temperatures  are 
almost  at  their  minimal  readings.  Characteristic  open 
[tacking  conditions  were  recorded  on  the  last  day  of 
October  when  th«  bottom  waters  were  at  12'C.  In 
early  April,  as  the  temperature  reached  6°C.,  the  re¬ 
sults  suggested  that  the  tight  packing  of  winter  had 
ended  and  conditions  were  transitory,  at  least  at  Sta¬ 
tions  S  and  F  (Table  7).  Apparently  the  clayey  silt 
of  Station  A  was  still  under  winter  conditions  but 
the  sand  of  Station  H  continued  to  show  an  anomalous 
behavior.  Unfortunately,  a  mechanical  failure  in  the 
penetrometer  prevented  additional  tests  after  this  date. 

CONCLUSIONS 

Compression  studies  of  various  sediments  reveal 
that,  regardless  of  season,  each  sediment  type  has  a 
characteristic  curve  determined  by  the  textural  and 
compositional  properties  of  the  particular  sediment. 
In  plotting  pressure  against  time  these  curves  show 
a  decreasing  average  slope  with  decreasing  sand 
content. 

It  is  possible  that  changes  in  the  viscosity  of  the 
water  could  account  for  the  differences  in  sediment 
compactness  during  the  two  periods  of  study.  How¬ 
ever.  as  the  initial  slopes  of  the  compression  curves 
are  less  steep  in  the  colder  January -M,,re1’  period 
than  during  July-October,  viscosity  can  not  be  a 
major  factor  in  this  phenomenon. 

Although  water  temperature  was  used  constantly 
to  define  bottom  conditions  in  reference  to  compact¬ 
ness  variability  during  the  observation  period,  there 
is  no  justification  for  assuming  a  simple  cause  and  ef¬ 
fect  relationship.  A  previous  investigation  (  McMaster, 
1962)  suggested  that  during  periods  of  high  tem¬ 
peratures  biological,  chemical,  and  biochemical  ac¬ 
tivities  may  be  stimulated,  whereas  during  cold  peri¬ 
ods  the  rate  of  these  activities  may  be  retarded. 

This  supposition  is  based  on  the  fact  that  the  meta¬ 
bolic  activity  of  cold-blooded  animals  and  bacteria 
is  governed  by  the  temperature  deceleration  of  reac¬ 
tion  rates  (the  Van’t  Hoff-Arrhenius  law)  in  which 
there  is  a  twofold  or  threefold  decrease  in  the  rate  of 
energy-yielding  reactions  for  each  decrement  of  10’C. 
from  a  maximum  temperature  of  about  40*C.  (Prosser 
and  Brown.  1961).  Thus,  metabolic  processes  become 
sluggish  as  the  temperature  approaches  0*C. 

Several  recent  findings  corroborate  this  supposition. 
Rhoads  (1963)  reports  that  water  teni|)erature  in¬ 
fluences  the  rate  at  which  sediment  is  reworked  by  a 
deposit- feeding  pelecypod,  Yoldia  limalula.  When 
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temperatures  arc  less  than  8*C.  no  feeding  was  noted 
for  this  animal,  but  there  was  an  increase  in  average 
rate  of  sediment  displacement  over  the  8*-10*C,,  15‘- 
17*C.,  and  20*-21*C.  temperature  ranges.  Studies  of 
the  polychaete,  Pectinaria  gouldii,  also  indicate  that 
temperature  affects  the  rate  of  sediment  reworking 
(D.  C.  Gordon,  1963,  personal  communication).  Op- 
penheimer  (1960)  finds  that  the  warm  temperature  of 
the  surface  sediments  exerts  a  great  influence  on  the 
activities  of  living  microorganisms  and  also  that  bac¬ 
teria  are  able  to  produce  and  destroy  surface-active 
agents,  thus  affecting  compaction  of  hydrated  and 
thixotrophic  sediments.  Experiments  on  the  cultiva¬ 
tion  of  bacteria  at  the  ambient  water  temperature  of 
Narragansett  Bay  (  —  1.5°-23.5*C.)  indicate,  too,  that 
temperatures  below  12.5*C.  inhibit  bacterial  develop¬ 
ment.  In  addition,  the  cold-water  population  which 
can  form  at  these  low  temperatures  shows  a  rate 
of  growth  only  one-half  as  great  as  that  at  the  higher 
temperatures  (Sieburth,  1962;  Sieburth  and  Lear, 
1962).  Wheatland  (1954)  found  that  the  rate  of 
sulfide  formation  in  deposits  of  mud  is  approxi¬ 
mately  twofold  greater  for  each  10’C.  rise  in  tempera¬ 
ture.  Furtheiinore,  H.  L.  Sanders  (1964,  personal 
communication)  has  observed  from  processing  bottom 
samples  of  Buzzards  Bay,  Massachusetts,  at  monthly 
intervals  that  the  infauna  arc  much  less  active  during 
the  winter  than  the  summer.  Also,  Sanders  finds  that 
most  of  the  subtidal  and  intertidal  benthic  animal 
species  cease  growing  during  the  winter  months. 

Finally,  it  is  postulated  that  compactness  variability 
of  Narragansett  Bay  sediment  follows  a  cycle  which 
begins  with  relatively  open  packing  for  the  grains  of 
the  surface  sediment  layers  during  those  periods  when 
the  bottom  waters  are  warmer  than  £°-10*C.  and  bi¬ 
ological  and  chemical  processes  are  more  active.  As 
temperatures  fall  below  5"-3*C.  these  same  biological 
and  chemical  activities  are  retarded  and  the  particles 
assume  a  more  closely  packed  condition.  The  short 
periods  between  these  extremes  are  apparently  transi¬ 
tional  when  the  temperature  ranges  from  3*-10”C.  It 
seems  possible  that  the  periods  of  transition  may  not 
be  in  harmony.  When  water  temperatures  are  falling 
in  response  to  winter  weather  the  first  transition  may 


cover  the  8*-3*C.  temperature  range  whereas  in  spring 
it  may  be  confined  to  the  5*-10*C.  range. 
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Diagenesu  of  Iron  Sulfide  in  Recent  Marine  Sediments 
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The  term  hydrotroilite  has  been  used  frequently  to 
refer  to  the  black,  fine-grained,  iron  sulfide  which  im¬ 
parts  a  grey  or  black  color  to  many  Recent  sediments. 
Several  different  chemical  formulas  have  been  used 
for  this  substance.  Some  examples  are : 

1.  FeS-H,0  -  Sidorenko  ( 1907) 

2.  FeSmH,0  -  Doelter  ( 1926) 

3.  Fe(HS)2  -  Baas-Becking  ( 1956) 

4.  FeS-H,S- Volkov  (1959) 

The  first  two  formulas  are  speculative.  The  latter  two 
are  based  on  chemical  analyses  of  impure  natural  ma¬ 
terials.  In  none  of  the  studies  was  X-ray  diffraction 
used. 

X-ray  and  chemical  study  of  natural  hydrotroilite  is 
very  difficult  because  of  its  fine-grained  ..st-ac,  gen¬ 
erally  low  concentration  in  sediments,  and  extreme 
susceptibility  to  air  oxidation.  Natural  sediments  con¬ 
tain  other  forms  of  iron  and  sulfide  from  which  hy¬ 
drotroilite  generally  cannot  be  separated  with  com¬ 
plete  assurance  of  purity  for  chemical  analysis.  The 
poorly  diffracting  character  of  the  iron  sulfide,  whose 
pattern  is  easily  masked  by  small  amounts  of  other 
minerals  such  as  quartz  and  clay  minerals,  makes  es¬ 
sentially  complete  separation  necessary  for  X-ray- 
study.  Because  of  these  difficulties,  an  attempt  was 
made  to  simulate  natural  conditions  in  the  laboratory 
by  synthesizing  iron  sulfides  fre*  af  -’mat¬ 
ing  phases.  This  enabled  >  rr-  avd  ch<~ :ca!  cl  ■  -- 

terization. 

In  the  laboratory  study  (Berner,  1964b)  metallic 
iron,  dissolved  ferrous  iron,  and  synthetic  and  natural 
goethite  of  varying  degrees  of  crystallinity  were  used. 
The  iron  sources  were  reacted  with  buffered  solutions 
of  HjS  or  NasS  over  a  pH  range  of  from  3  to  10. 
Aging  took  place  at  atmospheric  pressure  and  low- 
temperatures  (20*  C.  —  90*  C.),  over  periods  ranging 
from  15  minutes  to  200  days.  Lowered  pH  and  in¬ 
creased  temperature,  along  with  the  use  of  metallic 
iron,  promoted  the  formation  of  well-crystallized 
standards  which  could  be  used  to  identify  poorly  crys¬ 
tallized  substances  formed  under  conditions  most 
closely  approximating  natural  marine  sediments. 

As  a  result  of  this  study  the  following  phases  were 
synthesized  and  identified:  tetragonal  FeS  (Berner, 
1962),  cubic  Fe,S4  (Yamaguchi  and  Katsurai,  1960), 
X-ray  amorphous  FeS,  hexagonal  FeS  (stoichiomet¬ 
ric  pyrrhotite).  pyrite.  marcasite,  and  elemental  sulfur. 

Tetragonal  FeS  and  cubic  Fe5S,  have  been  recently- 
given  the  mineral  names  mackinawite  and  greigite  by 
several  members  of  the  Lb  S.  Geological  Survey 


(Evans  et  al.,  1962;  Skinner  et  al.,  1964)  for  two 
newly  discovered  natural  occurrences  (a  high  tem¬ 
perature  ore  depoo  •  t  ullu  a  Tertiary  saline  lake  sedi¬ 
ment,  respectively). 

The  only  crystalline  iron  sulfide  which  was  synthe¬ 
sized  from  all  iron  sources  and  at  all  pH’s  and  tem¬ 
peratures  was  tetragonal  FeS.  Non-crystalline  FeS 
(identified  by  chemical  analysis)  was  the  initial  pre¬ 
cipitate  resulting  from  the  reaction  between  dissolved 
sulfide  and  ferrous  ion.  The  most  important  chemical 
reaction  studied  was  that  of  H2S  with  goethite  which 
was  adduced  from  X-ray  identification  of  the  prod¬ 
ucts.  It  is : 

At  pH  4 : 

2  HFeOo  +  3  H,S,q  -»  FeStotr. 

+  FeS2  PJT  +  4  H20|)q  .  fl) 

At  pH  6-9: 

2  HFe()2g0,t  4-  3  H2S„,  -*  2  FeS,Plr 

+  Surhmi,.  +  4  H20„q  .  (2) 

Note  the  effect  of  pH  at  pH  6-9  characteristic  of 
marine  sediments ;  the  iron  sulfide  first  formed  was 
amorphous  to  X-rays  and  crystallized  very  slowly. 
Barely  recognizable  patterns  of  tetragonal  FeS  were 
obtained  only  by  aging  at  room  temperature  for  sev¬ 
eral  weeks  or  at  elevated  temperature  for  shorter 
periods.  At  pH  7-9  no  pyrite  was  formed  from  FeS 
-f  S"  even  over  the  maximum  aging  period  of  200 
days  at  40*  C.  At  pH  4,  on  the  other  hand,  well- 
crystallized  pyrite  and  tetragonal  FeS  were  formed  in 
a  matter  of  hours  at  room  temperature. 

Linionite,  a  general  term  for  poorly  crystallized 
hydrous  ferric  oxide,  is  a  common  product  of  rock 
weathering  and  can  !>e  considered  as  an  important 
source  of  iron  for  many  marine  sediments  where  hy¬ 
drotroilite  is  formed.  For  example,  observations  of 
tidal  flat  sediments  of  Cape  Cod  have  shown  that  the 
iron  that  reacts  with  H2S  to  form  iron  sulfide  is  sup¬ 
plied  mainly  as  limonitic  coatings  of  sand  grains  and 
other  dctrital  particles.  The  H}S  is  produced  by 
sulfate-reducing  bacteria  which  live  upon  decompos¬ 
ing  organic  matter  in  the  anaerobic  sediments.  If 
weakly  diffracting  synthetic  goethite  can  be  taken  to 
represent  natural  limonite,  then  the  reaction  of  hmo- 
nite  with  HsS  under  marine  conditions  can  lie  repre¬ 
sented  by  reaction  (2).  Therefore,  it  is  suggested  that 
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Fig.  1.  Measured  values  of  Kh  and  pS"  for  natural  HiS-containing  sediments  and  artificial  sulfide  systems  The  line 
marked  “theoretical  curve”  represents  the  half-cell  equation  for  the  reaction:  S  s;  S\»„v  +  2 1. 


in  many  occurrences  the  iron  sulfide  commonly  re¬ 
ferred  to  as  hydrotroilite  consists,  at  least  in  part,  of 
poorly  crystallized  tetragonal  FeS.  The  fine-grained 
nature  of  the  material  accounts  for  the  high  water 
content  due  to  adsorption,  and  the  formula  suggested 
by  Doeltei  ,  l  eS*nH2U,  is  most  nearly  cot,  ct. 

The  occurrence  of  tetragonal  FeS  in  natural  sedi¬ 
ments  can  be  sc<-ii  from  the  dr.!'.  Volkov  ( 1961 ) 
who  has  described  an  almost  pure  iron  sulfide  con¬ 
cretion  found  at  depth  in  the  sediments  of  the  Rlack 
Sea.  Chemical  analysis  and  an  unidentified  X-ray 
pattern  published  by  Volkov  show  that  the  concretion 
consists  of  a  mixture  of  tetragonal  FeS  and  cubic 
FcjS4.  The  cubic  phase  was  called  melnikovite  by 
Volkov  because  of  its  strong  magnetism.  It  is  pos¬ 
sible  that  other  occurrences  of  black  magnttie  iron 
sulfide  commonly  referred  to  as  melnikovite,  including 
the  original  type  occurrence  described  by  Doss  ( 1912), 
may  actually  consist  of  cubic  Fe,St  or  other  known 
magnetic  iron  sulfides  such  as  pyrrhotite  and  smvthite 
( rhomliohcdral  Fe,S,1. 

THK  F.h  OF  SKD1MENTS  CONTAINING  H,S 

Through  the  use  of  the  silver-silver  sulfide  eleurode 
(  Berner,  I9M)  it  has  hen  possible  to  deduce  the  Fii 
controlling  mechanism  in  many  sediments  containing 
II;S.  Figure  1  shows  values  of  the  negative  logarithm 
of  the  activity  of  sulfide  ion.  pS  -  -  (as  measured  with 
the  silver-silver  sulfide  electrode),  plotted  against  Eh 
for  laboratory  sulfate  reduction  experiments  and  sedi¬ 


ments  from  the  Gulf  of  California,  Cape  Cod.  and 
Boston,  Massachusetts.  The  points  fall  along  a  line 
with  a  slope  of  29.5  mv  per  unit  of  pS — ,  which  cor¬ 
responds  to  a  thermodynamically  reversible  half-cell 
involving  the  tranr,“"  two  electrons.  The  equation 
o;  this  curve  is  Vet  explained  by  the  following 
mechanism : 

SW  +  S“.  (3) 

which  is  better  expressed  at  pH  7-9  as : 

US-„  sr  SV  +  +  2e.  (4) 

The  thermodynamic  reversibility  of  this  overall 
half-cell  has  been  demonstrated  by  the  exchange  of 
radioactive  sulfur  (Voge,  1939)  and  by  electrode  de¬ 
termination  of  intermediate  steps  involving  poly  sulfide 
ions  (Peschanski  and  Valensi,  1949).  The  mechanism 
i  i  also  geologically  reasonable  in  that  elemental  sulfur 
iv  a  common,  though  minor,  constituent  of  sediments 
containing  H,S.  Very  little  elemental  sulfur  (*>  4 
ppm)  is  needed  to  bring  about  the  formation  of  a 
saturated  poivsulfide  solution  whose  Eh  it  controlled 
by  the  sulfide-sulfur  mechanism.  Therefore,  more 
sediments  should  be  found  exhibiting  this  Eh-pS — 
relationship. 

THE  TRANSFORMATION  OF  FeS 
TO  I’YRITF. 

Because  the  pH  of  anaerobic  marine  sediments  is 
quite  uniform  compared  to  pS"  ' .  in  such  sediments 
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Fig-  2.  Stability  Acids,  calculated  from  thermodynamic 
data,  of  selected  iron  minerals  fer  an  "average"  anaernbic 
marine  sediment,  pri  =  7.S,  Fc<»  =  I  O'”. 

the  stability  of  iron  minerals  is  best  expressed  in  the 
form  of  Eh-pS~~  diagrams  calculated  from  thermo¬ 
dynamic  data  (Berner,  1964c).  Figure  2  depicts  the 
case  of  a  typical  anaerobic  marine  sediment  of  pH  — 
7.5  and  Pco,  =  10"*s.  Note  that  the  natural  meas¬ 
urements  (i.  e.,  »hc  sulfide-sulfur  half-cell)  all  fall  in 
the  stability  Add  of  pyrite  and  not  FeS.  This  conclu¬ 
sion  is  corroborated  by  the  observation  that  in  all 
the  sediments  studied  either  FeS  was  transformed  to 
pyrite  with  depth  (i.e.,  time),  or  no  FeS  and  only 
pyrite  was  found. 

Actual  transformation  of  FeS  to  pyrite  was  found 
in  tidal  flat  sediments  of  Cape  Cod.  Figure  3  shows 
typical  curves  of  HCI-soluble  iron  and  sulflde  sulfur 
with  depth.  The  sulfide  data  do  not  include  dissolved 
H,S  which  is  removed  prior  to  analysis  by  washing 
the  sediment.  The  decrease  of  iron  and  sulflde  with 
depth  is  attributed  to  the  formation  of  pyrite  which  is 
insoluble  in  HC1  and  which  occurs  in  the  sediment  as 
minute  ( ~  lOp )  framboida!  microspheres.  The  con¬ 
stant  excess  of  iron  over  sulflde  with  depth  is  ascribed 
to  the  extraction,  by  HCI,  of  iron  from  other  fer¬ 
ruginous  phases  (such  as  iron  silicates)  which  have 
not  reacted  with  H,S  to  form  Feb.  If  conditions  of 
steady  state  deposition  are  a  sumed,  the  other  iron- 
bearing  phases  represent  a  constant  source  of  excess 
Fe  with  depth.  The  parallelism  of  the  iron  and  sulflde 
curves  can,  therefore,  be  used  to  delineate  the  type  of 
chemical  mechanism  by  which  FeS  is  transformed  to 
pyrite. 

The  transformation  of  FeS  to  pyrite.  which  is  an 
oxidation,  either  involves  the  subtraction  of  iron  or 
the  addition  of  sulfur  at  follows : 

Subtraction  of  iron : 

2  FeS  +  X  -  ss  FeS,  +  FrX  +  2r  « 5 1 
X  -  t  O,  .  (Mill  J.  etc 
Additi.m  of  sulfur 

FeS  +  US  FeS,  4  II*  4  2*.  '6) 

If  the  subtraction  of  trem.  reaction  (  5).  were  the  case, 
then  another  irtm-brarmg  mineral  other  than  pyrite 
would  be  formed  with  depth  such  as  stderitr.  gorthite. 


etc.  These  minerals,  of  course,  could  only  be  formed 
under  conditions  of  high  pS —  or  low  concentration 
of  H,S.  Even  under  such  conditions  the  formation  ot 
siderite,  goethite.  etc.,  with  depth  still  would  not  re 
suit  in  a  parallelism  of  the  curves  for  sulfide  and  iron 
because  HCI  would  also  remove  iron  front  these  com¬ 
pounds.  This  mechanism  would  result  in  a  divugencc 
of  the  curves  for  iron  and  sulfide  with  depth.  There¬ 
fore,  in  sediments  containing  excess  H,S,  the  latter 
type  of  mechanism  involving  the  addition  of  sulfur 
is  more  reasonable. 

A  possible  generalized  mechanism  for  the  trans¬ 
formation  of  FeS  to  FeS,  is  : 

FeS  +  H"  ±s  Fe‘  ♦  -I-  HS”  ,  (7) 

*  +  HS-  +  S°  -»  FeS,  +  H+  .  (8) 

Overall  reaction : 

FeS  4  S"  -*  FeS,  .  <  9 1 

Written  in  terms  of  H,S  instead  of  HS“,  reaction 
(8)  can  easily  be  demonstrated  at  room  temperature 
in  the  laboratory,  but  only  at  low  pH  (<  5).  At 
higher  pH  values  characteristic  of  marine  sediments, 
reaction  (8)  is  retarded  in  the  laboratory  and  pos¬ 
sibly  in  nature  by  the  low  concentration  of  ferrou- 
ion  in  equilibrium  with  FeS.  At  a  typical  sedimen¬ 
tary  value  of  pS--  of  10,  the  equilibrium  activity  of 
ferrous  ion  is  less  than  10 

The  entire  transformation  (9)  may  also  be  limited 
by  the  availability  of  elemental  sulfur.  This  explana¬ 
tion  has  been  suggested  by  Volkov  (1961)  to  explain 
the  lack  of  complete  transformation  of  FeS  to  pyrite 
in  tile  sediments  of  the  Black  Sea  and  the  finding  of 
such  phases  as  well-crystallized  tetragonal  FeS  and 
cubic  Fe,S«  at  depth.  The  mechanism  suggested  b\ 
Volkov  is: 
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so,  +  s-  s=  s,o,~  ,  not 

S,Oa-~  +  FeS  -»  FeS,  +  so,-  -  .  (in 
<  Iverall  reaction : 

FeS  i -  S"  -»  FcS,  (9) 

i  c.,  thiosulfate  acts  as  a  catalyst.  This  writer  has 
not  been  able  to  verify  this  catalytic  role  of  thiosulfate 
in  the  laboratory  at  the  pH  of  marine  sediments.  Note 
that  Volkov’s  mechanism  results  in  the  same  overall 
reaction  that  has  already  been  suggested. 

Several  sources  of  the  necessary  elemental  sulfur  in 
sediments  can  he  mentioned.  Air  oxidation  of  H,S  or 
FeS  at  an  interface  between  overlyii.g  oxygen-con¬ 
taining  sea  water  and  the  reduced  sediment  is  one 
such  source.  Tidal  fluctuations  and  burrowing  activi¬ 
ties  of  organisms  resulting  in  constant  reoxidation  of 
the  sediment  would  promote  this  process  on  tidal  flats. 
Aerobic  o'  photosvnthetic  sulfur-oxidizing  bacteria 
may  play  a  role.  The  isotopic  data  of  Kaplan  cl  al. 
i  I96J)  suggest  that  elemental  sulfur  can  also  be 
formed  with  depth  within  the  reduced  sediment. 

Other  possible  mechanisms  for  the  transformation 
•  >f  FeS  to  FeS,  are  : 

FcS  +  H.S  -  FeS,  -I-  H,. 

FeS  4-  l  b  C„H,,OtM.  +  H,S  -  FeS, 

+  CH,OH„  .  UJi 

The  former  mechanism  would  necessarily  imply  a 
considerably  lower  Fill  than  tliat  found  in  most  sedi¬ 
ments  because  of  the  production  of  appreciable  mo- 
lecular  hydrogen  Also,  this  reaction  could  not  be 
demonstrated  in  the  laboratory  by  the  writer  (  Berner. 
19Mb  i.  I'yrite  formed  only  in  runs  where  there  was 
elemental  sulfur  present  which  in  turn  was  formed 
by  the  oxidation  of  H.S  by  air  oxygen  or  ferric  ion 
m  goethitc. 

The  latter  ty  of  mechanism  (  which  is.  of  course, 
generahted )  a. mot  be  refuted  and  may  be  a  better 
explanation  than  uong  elemental  sulfur.  The  hydrog¬ 
enation  of  organic  matter,  however,  may  simply  pro¬ 
duce  elemental  sulfur,  which  in  turn  reacts  with  FeS 
to  form  FeS;  Such  a  mechanism  as  this,  if  true, 
would  probably  he  biological,  and  falls  more  properly 
into  the  general  held  of  microbiology  It  is  offered 
here  only  as  another  pnssiNe  mechanism 

Many  sediment*  in  which  p>  rile  i*  f«md  do  not  con¬ 
tain  hydrotroibte  t  «*«i  examples  of  this  are  the  tine- 
g-suwsl  diat"im.'cei*is  unxU  of  the  Santa  Barbara  basin 
off  Southern  California  <  Fancry  and  F  ttenbrrg.  19$Ji 
ar*s!  similar  sediment*  of  the  western  slope  of  the  I  luF 
■  •f  California  t  Berner.  19Mal  Figure  4  illustrates  re 
suits  of  sullur  drtermmaliuns  for  a  core  of  typical 
pyrite  content  from  the  Gulf  of  California  Note  'he 
logarithm,.  wa.e  If  the  only  source  of  sulfur  for 
psnte  formation  is  sulfate  in  sea  water  buried  in  the 
sediment,  the  total  cnrscmtration  of  sulfur  would  fall 
nwighly  along  the  sulfate  curse  shown  in  Figure  4 
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F’ig.  4  Distribution  of  various  forms  of  sulfur  in  a  sedi¬ 
ment  core  taken  from  the  western  slope  of  the  Gulf  of 
California 


The  concentration  of  pyrite,  howeser,  is  considerably 
greater  than  this,  which  implies  that  extra  sulfate 
must  have  diffused  into  the  sediment  irom  the  over- 
lying  sea  water.  Hus  sulfate,  along  with  the  uiigii~il 
sulfate,  was  then  reduced  to  sulfide  by  bacteria  and 
combined  with  iron  to  form  pyrite.  Formation  of 
pyrite  near  the  sediment-water  interface  would  aid  in 
this  process  because  in  this  case  the  diffusion  path 
length  would  be  minimized.  Kaplan  ft  al.  ( 1963)  have 
shown  bv  means  of  sulfur  isotopes  that  most  of  the 
pyrite  in  the  Santi.  Barbara  basin  sediments  also  must 
have  formed  near  the  sediment  surface  in  contact  with 
an  infinite  reservoir  of  sulfate  ion,  the  ovei  lying  sea 
water. 

The  absence  of  Hack  hydrotroilitc  in  the  upper  25 
cm  of  these  sediments  can  be  explained  by  the  forma¬ 
tion  of  flic  pyrite  near  the  sediment -water  interface. 
Complete  transformation  of  any  initially  formed  FeS 
to  FcS,  at  the  sediment  surface  would  prevent  the  de¬ 
velopment  of  a  black  FeS  transition  zone  as  in 

tidal  Hat  ai  d  estuarine  sediments.  Thi*  transforma¬ 
tion  cc-  Id  be  accomplished  either  by  a  slower  rate  of 
ilcpo-  ition  i-i  accelerated  c hem  cal  reaction  in  the  Gulf 
of  California  sediment*.  Because,  at  present,  there  i» 
no  reason  to  susjwct  an  unusual  chrm-stry  in  these 
sediments  and,  in  general.  *h>rttime  rate*  of  dej>o»i 
i  on  near  shore  often  excesd  those  in  deeper  water, 
it  i»  proha hlr  that  the  alwencr  of  hydrotroibte  in  these 
vrdiment*  is  due  to  a  dower  rate  of  deposition.  The 
hr  ftng  of  black  FeS  in  more  rapidb  ilepnsited  delta* 
sediment*  in  the  eastern  jvsrt  of  the  Gulf  of  C.diiornu 
MWibl  tend  to  substantiate  this  conclusion 
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Concentrations  of  Minor  Elements  in  Diatomaceous 
Sediments  of  a  Stagnant  Fjord 

M.  GRANT  GROSS 

Department  of  Oceanography,  University  of  Washington,  Seattle,  Washington 1 


The  marine  sediments  of  Saanich  Inlet,  British  Co¬ 
lumbia,  were  chosen  for  an  initial  survey  of  the  effects 
of  biological,  chemical,  and  sedimentary  processes  on 
the  concentrations  of  minor  elements  in  sediments  de¬ 
posited  in  a  sulfide  environment.  The  Saanich  T;,kt 
sediments  are  the  result  of  deposition  in  a  sedimen¬ 
tary  environment  formed  by  an  isolated  part  of  an 
estuarine  system,  the  Strait  of  Georgia.  The  isola¬ 
tion  of  the  inlet  permits  an  evaluation  of  the  processes 
which  affect  the  sediments  deposited  in  it.  Analytical 
techniques  were  chosen  which  would  provide  the  best 
coverage  of  the  most  elements,  even  at  the  sacrifice  of 
some  precision,  in  order  to  determine  the  major  ef¬ 
fects  of  the  environment  and  to  determine  which  ele¬ 
ments  warrant  future,  more  detailed  investigations. 

Previous  Investigations 

Previous  investigations  of  the  inlet  (Herlinveaux, 
196 2)  and  its  sediments  (Gross  et  al.,  1963;  Gucluer, 
1962 ;  Gucluer  and  Gross,  1964 )  provide  some  infor¬ 
mation  about  the  inlet  as  a  sedimentary  environment 
and  about  the  textural  and  chemical  properties  of  the 
sediments  accumulating  in  it. 

Data  are  available  on  the  concentrations  of  some 
minor  elements  in  nearshore  marine  sediments  from 
the  eastern  side  of  the  Strait  of  Georgia  (  White  and 
Northcote,  1962),  in  Cowichan  River  sediments  (War¬ 
ren  and  Delavault,  1960),  and  in  volcanic  rocks  near 
Saanich  Inlet  (Warren  and  Delavault,  1961).  These 
investigations  were  limited  in  the  number  of  elements 
covered  and  did  not  include  Saanich  Inlet  sediments. 

The  review  by  Kaplan  and  Rittenberg  (1963)  of 
the  literature  on  sedimentation  in  marine  basins  illus¬ 
trates  the  scarcity  of  data  on  the  concentrations  of 
minor  elements  in  sediments  from  sulfide  environ¬ 
ments.  Strpm  (1948)  showed  the  enrichment  of  U 
in  sediments  from  stagnant  Norwegian  fjords.  Man- 
heim  ( 1961 )  studied  the  sediments  of  the  Baltic  Sea, 
'Deluding  those  deposited  in  sulfide  environments. 

Krauskopf  (1955)  reviewed  the  voluminous  litera¬ 
ture  on  concentrations  of  minor  elements  of  sedimen¬ 
tary  rocks,  showing  that  black  shales  and  sediments 
deposited  in  stagnant  environments  are  frequently  en¬ 
riched  in  Ag,  As,  Mo,  and  Ni.  Krauskopf  (1956) 
also  studied  the  concentrations  of  Zn,  Cu,  Pb,  Bi,  Cd, 

1  Present  address:  Division  of  Sedimentnfosy,  United  Sutes  Na¬ 
tional  Museum,  Smithsonian  Institution,  Washington,  D.  C. 


Ni,  Co,  Hg,  Cr,  Mo,  W,  and  V  in  aerated  sea  water 
and  concluded  that  it  is  undersaturated  with  respect 
to  ft-  i  ist  insoluble  compounds  of  these  metals.  He 
uggesi  ->1  that  biological  processes  and  adsorption  on 
particulate  matter  furnish  at  least  a  qualitative  ex¬ 
planation  ior  the  observed  abundance  of  these  metals 
in  sea  water  >;d  their  distribution  in  marine  sedimen¬ 
tary  rocks. 

Almost  no  data  are  available  on  the  concentrations 
of  minor  elements  in  diatom  frustules,  a  major  com¬ 
ponent  of  the  Saanich  Inlet  sediments.  The  data  on 
the  concentrations  of  minor  elements  of  the  sedimen¬ 
tary  accumulations  of  diatom  frustules  and  radiolarian 
tests  were  summarized  by  Cressman  (1962)  who 
agreed  with  Krauskopf  (1955)  that  such  deposits  are 
not  conspicuously  enriched  in  “rare  metals”.  Revelle 
(1944)  detected  B  and  Ba  in  diatom  oozes  from  the 
northwest  Pacific  Ocean  off  Japan. 

Location  and  General  Features  of 
Saanich  Ini.et 

Saanich  Inlet,  the  only  fjord  on  southeastern  Van¬ 
couver  Island,  British  Columbia  (Fig.  1),  is  approxi¬ 
mately  26  km  long,  with  a  maximum  width  of  7.6  km. 
The  inlet  is  connected  with  the  Strait  of  Georgia  by 
Satellite  Channel,  but  the  interchange  of  water  with 
Satellite  Channel  is  restricted  by  a  sill  (Fig.  2)  which 
comes  to  within  70  m  of  the  surface.  The  inlet  occu¬ 
pies  a  glaciated  valley  cut  in  metamorphosed  volcanic 
and  sedimentary  rocks  of  Jurassic  and  Cretaceous 
ages  (Clapp,  1917). 

The  inlet’s  small  drainage  basin  lies  in  a  "rain 
shadow”  (Fig.  1),  so  it  receives  less  precipitation 
than  adjacent  areas  (Tully  and  Dodimead,  1957). 
The  inlet  receives  little  runoff  from  streams  discharg¬ 
ing  into  it  (Herlinveaux.  1962).  The  surface  circu¬ 
lation  of  the  Strait  of  Georgia  brings  into  the  inlet 
low-salinity  water  derived  from  the  discharge  of  the 
Cowichan  River  (6  km  north  of  the  inlet)  between 
December  and  April,  and  from  the  discharge  of  the 
Fraser  River  (50  km  northeast  of  the  inlet)  in  June 
and  July  (Herlinveaux,  1962). 

Because  of  ihe  small  amount  of  fresh  water  in  the 
surface  waters  of  the  inlet,  only  a  very  weak  estuarine 
and  tidal  circulation  takes  place  in  the  waters  above 
sill  depth  (Pickard,  1961;  Herlinveaux,  1962).  Htr- 
linveaux  suggested  that  dense,  oxygenated  waters 
from  Haro  Strait  may  occasionally  flow  into  Satellite 
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Fig.  1.  Saanich  Inlet  and  environs.  Longitudinal  and  cross-sectional  p-ofiles  are  shown  in  Figure  2. 


Channel  and  spill  over  the  sill  into  t5-e  inlet  to  repla  e 
completely  the  deep  waters  of  the  inlet,  or,  at  least, 
to  bring  oxygenated  water  into  the  deep  par1  of  the 
basin. 

Although  no  data  are  available  on  tne  production  of 
phytoplankton  in  the  inlet,  it  is  probably  large  since 
there  are  large  populations  of  fisn  in  the  inlet  and 
high  concentrations  of  dissolved  oxygen  in  the  sur- 


Fig.  2.  Longitudinal  and  cross-sectional  profiles  of 
Saanich  Inlet,  showing  a  generalized  distribution  of  HiS 
in  November,  1961  (F.  A  Richards,  personal  communi¬ 
cation). 


face  waters  during  the  summer.  Apparently  the  larg¬ 
est  phytoplankton  populations  are  present  from  April 
thr  iug.i  July  when  the  surface  waters  are  most  turbid 
(Herlinveaux,  1962).  The  oxidation  of  the  large 
amounts  of  organic  matter  depletes  the  dissolved  oxy¬ 
gen  in  the  pa- tially  isolated  bottom  waters.  Hydrogen 
sulfide  is  formed  by  the  activity  of  sulfate-reducing 
bacteria  in  the  cxygen-deficient  waiters  of  the  deepest 
parts  of  the  basin  (Kaplan  el  al.,  1963;  Redfield  el  al., 
1963). 

Marine  Sediments 

In  the  sulfide  environment  of  the  central  portion  of 
the  inlet  (Fig.  3),  black  clayey  silts  are  deposited 
containing  hydrogen  sulfide  in  the  interstitial  water. 
Core  No.  4  recovered  approximately  20  m  of  lami¬ 
nated  sediments,  consisting  of  alternating  olive-gray 
and  black  la-nin.-.e,  inch  *ie  uetween  2  and  5  mm 
thick.  These  laminae  f<  rm  varves  indicating  an  aver¬ 
age  rate  of  deposition  for  the  central  part  of  the 
basin  of  4  to  6  mm  per  year  of  ’-ct  sediment,  corre¬ 
sponding  to  an  annt— 1  deposition  of  approximately 
105  metric  tons  of  sediment  (Gross  el  al.,  19on).  The 
thickness  and  continuity  of  the  vaived  sediments  in¬ 
dicate  that  the  sedimentary  environment  has  not 
changed  significantly  in  the  past  4,000  to  5,009  years. 

The  sill  sediments  are  similar  in  mineral  composi¬ 
tion  to  the  central  basin  sediments ;  both  are  mixtures 
of  silt  and  clay-sized  particles  (Table  1).  Chemically, 
the  sediments  in  the  two  localities  are  distinctly  dit- 
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Fig.  3.  Distribution  of  the  surface  samples  and  the 
major  sediment  types  in  Saanich  Inlet  (After  Gucluer 
and  Gross,  1964). 


ferent  (Fig.  4).  The  fine  sands  of  the  nearshore 
areas  are  different,  texturally  and  chemically,  from 
the  clayey  silts  of  the  inlet. 

The  phosphorus  content  is  essentially  the  same  in 
all  the  sediments;  organic  carbon,  nitrogen,  and  opal 
are  most  abundant  in  the  clayey  silts  of  the  central 
basin  area  and  least  abundant  in  the  nearshore  sands. 
Carbonaceous  compounds  and  biogenous  components 
such  as  opal  constitute  up  to  45  percent  of  the  clayey 
silts  of  the  central  basin  area  but  make  up  less  than  5 
percent  of  the  nearshore  sands. 

The  major  sources  of  the  sediment  deposited  in  the 
inlet  appear  to  be  the  sediment-laden,  low-salinity 
waters  derived  from  the  Fraser  and  Cowichan  Rivers, 
and  the  phytoplankton  growing  in  the  surface  waters 
of  the  inlet.  Less  important  sources  of  sediment  in¬ 
clude  discharge  of  local  streams,  erosion  of  the  shore¬ 
line,  and  debris  from  the  limestone  quarry  and  cement 
plant  at  Bamberton  (Fig.  3).  There  are  no  othe; 
industrial  operations  in  the  inlet  or  its  drainage  basin 
-  hich  might  contaminate  the  waters  or  the  sediments. 

Sediments  apparently  accumulate  in  the  deeper 
par's  of  the  basin  l_.  the  continuous  particle-by- 
particle  deposition  of  silt  and  clay-sized  particles 
mixed  with  the  frustules  and  resting  spores  of  di¬ 
atoms.  Because  of  their  small  size  (approximately 
6  n  or  less),  lithogenous  particles  may  require  up  to 
several  years  to  settle  through  200  m  of  water  to 
reach  the  bottom.  Consequently,  the  particles  are 
mixed  and  distributed  throughout  the  basin,  so  that 
no  major  variations  have  been  detected  in  mineral 
composition  of  sediments  in  various  parts  of  the  inlet 
or  in  individual  laminae  from  cores. 

Superimposed  on  this  continual  deposition  of  lith¬ 
ogenous  and  biogenous  particles  are  seasonal  pulses 
of  the  frustules  of  marine  planktonic  diatoms  which 
form  the  light-colored  laminae;  some  of  these  lami¬ 
nae  apparently  consist  almost  entirely  of  diatom  frus¬ 
tules.  The  light-colored  laminae  contain  the  bioge¬ 
nous  opal  probably  formed  during  the  time  of  peak 
phytoplankton  production  in  the  inlet,  April  through 
July. 


Fig.  4.  Variation  of  certain  c  hemic  at  properties  among 
the  major  sediment  types  (After  Gucluer  and  Gross, 
1904). 
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Table  1.  Textural,  physical,  and  chemical  properties  of  the  sediment. 


Average  textural 


Sediment 

type 

Description 

Median 

diameter 

(mm) 

Clay¬ 

sized 

composition  (%) 

Silt  Sand 

Gravel 

Density 
( g/cc ) 

HiS 

<xlor 

Average 

pH 

f  range ) 

Central 

basin 

sediment 

Clayey  silt,  oiive- 
black  to  black, 
very  poorly  sorted, 
diatomaceous 

0.006 

43.8 

44.4 

1 12 
(wood 
chips 
and 
diatom 
frus- 
tulcs) 

0.6 

(wood 

frag¬ 

ments) 

2.40 

Present 
in  all 
samples 

7.0 

(6.6-7.6) 

Sill 

sediment 

Clayey  silt,  light 
olive-gray,  very 
poorly  sorted 

0.025 

23.3 

66.2 

10.5 
( some 
diatom 
frus¬ 
tules  ) 

2.67 

None 

7.1 

(6.9-73) 

Nearshore 

sediments 

Fine  sand,  yellow- 
green  to  olive-green, 
poorly  sorted 

0.27 

2.9 

7.7 

79.3 

10.1 

2.82 

None 

7.1 

(67-7.3) 

Settling  velocities  of  diatoms  are  controlled  by  their 
physiological  state  (Harvey,  1957)  ;  diatoms  below 
the  euphotic  rone  may  settle  with  velocities  of  5  to 
40  m/day  (Margalef,  1961).  Thus  the  bulk  of  the 
diatom  frustules  added  to  the  sediments  may  be  de¬ 
posited  within  a  few  days  or  a  few  months  after  they 
sink  below  the  euphotic  rone. 

The  opal  and  nitrogen  contents  and  the  reducing 
capacity  are  different  in  the  light-  and  dark-colored 
laminae  of  the  central  basin  sediment  (Fig.  5).  Other 
properties,  including  mineral  composition,  show  little 
or  no  variation  between  laminae,  or  with  depth  ir.  'he 
core.  The  differences  between  laminae  may  be  ex¬ 
plained  by  the  greater  abundance  of  diatom  frustules 
in  the  light-colored  laminae. 

ANALYTICAL  TECHNIQUES 

Concentrations  of  minor  elements,  except  Zn,  were 
determined  by  K.  Bingham.  California  Institute  «f 
Technolog)-,  using  optical-emission  spectroscopy  (En¬ 
gel  and  Engel,  1958).  The  values  rqtorted  (Tables  2 
and  3)  are  the  averaged  results  of  two  to  five  sepa¬ 
rate  analyses  of  each  sample.  Engel  and  Engel  ( 1958) 
estimated  that  the  results  obtained  using  these  tech¬ 
niques  are  reproducible  to  within  25  percent  of  the 
value  reported.  The  experimentally  determined  values 
for  rock  samples  G-l  and  \V-1  arc  within  30  percent 
of  the  preferred  values  (Fleischer  and  Stevens,  1962) 
for  all  elements  except  for  Ti  which  is  approximately 
40  percent  too  low.  For  Sc,  Y,  Zr,  Cu.  and  I’b  the 
values  agreed  to  within  10  percent.  No  attempt  was 
made  to  correct  the  Ti  values  because  thr  apparent 
discrepancy  does  not  affect  the  results  of  conq>arisons 
among  the  various  sediment  types. 

Zinc  concentrations  in  the  surface  sediments  were 
determined  by  an  X-ray  fluorescence  method  using 
standards  prepared  by  mixing  Saanich  Inlet  sediments 
with  known  amounts  of  Zn. 


The  estimates  of  opal  abundance  were  obtained  by 
beating  the  sediment  to  900*  C.,  forming  cristobalite 
which  was  detected  by  X-ray  diffraction  techniques 
(Goldberg,  1958).  The  results  were  reproducible  to 
within  10  percent  of  the  amount  reported  but  they 
may  be  systematically  low. 

DISCUSSION 

The  median  concentrations  of  minor  elements  ( Fig. 
6)  in  the  sill  and  nearshoi «•  sediments  (both  deposited 
in  oxygenated  environments)  are  very  similar,  except 
fpr  B  and  Zn  which  are  slightly  higher  in  the  sill 
sediments.  For  all  the  other  elements  (Sc,  Y,  Ti.  Zr. 
Cr,  Mn,  Fe,-Co,  Ni,  Cu.  Ga,  and  I’b)  the  median  con¬ 
centrations  of  the  sill  sediments  are  nearly  equal  to 
or  less  than  the  concentrations  of  the  nearshore  sedi¬ 
ments.  The  ranges  of  concentrations  of  minor  ele¬ 
ments  are  greater  in  the  nearshore  sands  than  in  the 
sill  sediments,  most  probably  a  reflection  of  the  local 
origin  of  the  nearshore  sediments. 

The  local  origin  and  resulting  heterogeneity  of  the 
nearshore  sediments  greatly  restricts  their  usefulness 
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Table  2.  C'MKintratiuns  of  minor  elements  in  surface  sediments.  Values  in  percent  by  weight  (Analyst:  K.  Bingham). 
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Fig.  6.  Ranges  and  median  values  of  the  concentrations 
uf  minor  elements  in  the  surface  sediments. 


in  studying  the  effects  of  the  sedimentary  environ¬ 
ment.  The  data  do  indicate,  however,  the  absence  of 
major  local  sources  for  any  of  the  elements  studied. 

Except  for  B  and  Mo,  which  will  he  discussed 
later,  all  the  elements  studied  (Fig.  6,  Table  2)  are 
least  abundant  in  the  central  basin  sediments  where 
the  lithogenous  constituents  are  most  diluted  by  the 
addition  of  biogenous  constituents.  From  this  we  can 
deduce  that  Sc.  Y,  Ti,  Zr.  V,  Cr,  Mn,  we,  Co,  Ni,  Cu, 
Zn,  Ga,  and  Pb  are  primarily  associated  with  the 
lithogenous  rather  than  the  biogenous  constituents. 
This  agrees  with  the  data  for  the  Gulf  of  Pari* 
(Hirst,  1962),  where  Ga,  Cr,  V.  Cu.  Pb,  Ti,  and,  to 
a  lesser  extent,  Co,  Ni,  and  B  were  found  to  be  as¬ 
sociated  with  clay  minerals. 

No  data  are  available  on  the  concentration  of  minor 
elements  in  the  biogenous  constituents  of  the  Saanich 
Inlet  sediments,  but  it  is  possible  to  determine  which 
elements  are  least  abundant  in  the  biogenous  matter, 
relative  to  their  concentrations  in  the  lithogenous 
matter,  b)  comparing  concentrations  of  each  element 
in  sediment  from  the  sill  with  those  from  the  central 
basin  areas. 


Relative  to  the  median  value  for  each  element  in 
the  sill  sediments,  the  median  values  in  the  central 
basin  sediments  are  reduced  by  the  following  amounts : 
Sc  -  28%,  Y  -  20%,  Ti  -  43%,  Zr  -  53%,  V  -  5%, 
Cr  -  35%,  Mn  -  17%,  Fe  -  38%,  Co  -  13%,  Ni  - 
7%,  Cu  -  8%,  Zn  -  21%,  and  Ga  -  17%.  The  data 
for  Pb  cannot  be  used  because  the  concentrations  in 
most  central  basin  sediments  are  below  the  detection 
limits. 

The  differences  in  concentration  are  greatest  for 
Zr  and  Ti,  indicating  that  these  elements  are  least 
abundant  in  the  biogenous  constituents,  compared 
with  their  abundance  in  the  lithogenous  constituents. 
Similarly,  the  small  differences  for  V,  Ni,  Cu,  and 
Co  may  indicate  that  the  concentrations  of  these  ele¬ 
ments  in  the  biogenous  and  lithogenous  constituents 
are  not  radically  different.  This  is  consistent  with  the 
concentrations  of  these  elements  in  ashed  marine 
zooplankton  (Nicholls  et  al.,  1959) ;  no  data  are  avail¬ 
able  for  phytoplankton.  The  apparent  differences  for 
Sc,  Y,  Cr,  Mn,  Fe,  Zn,  and  Ga  may  thus  indicate 
that  their  concentrations  in  the  biogenous  matter, 
compared  with  the  lithogenous  matter,  fall  between 
these  two  extremes. 

There  is  no  compelling  evidence  to  indicate  any 
enrichment  of  Sc,  Y,  Ti,  Zr,  V,  Cr,  Mn,  Fe,  Co,  Ni, 
Cu,  Zn,  Ga,  and  Pb  in  the  sediments  deposited  in  the 
sulfide  environment  of  the  inlet.  If  local  precipitation 


Fig.  7.  Ranges  and  median  values  of  topcentraboas  of 
minor  dements  of  individual  laminae  from  core  Na  4. 
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Fig.  8.  Variation  of  Mo  concentrations  of  surface  sedi¬ 
ments  as  a  function  of  reducing  capacity,  expressed  as 
the  amount  of  carbon  necessary  to  produce  the  same  re¬ 
ducing  capacity. 

of  the  sulfides  of  Zn,  Cd,  Bi,  or  Pb  occurs,  as  Kraus- 
kopf  (1956)  suggested,  the  effects  were  not  detected 
in  the  Saanich  Inlet  sediments. 

Except  for  B  and  Mo,  the  median  concentrations 
of  the  minor  elements  in  the  light-colored  laminae  are 
distinctly  less  than  in  the  dark -colored  laminae  (Fig. 
7,  Table  3).  This  general  distribution  is  apparently 
caused  by  the  greater  abundance  of  diatom  frustules 
in  the  light-colored  laminae.  The  differences  in  the 
median  concentrations  indicate  that  the  light-colored 
laminae  should  contain  20  to  25  percent  more  opal 
than  the  dark  colored  laminae.  This  agrees  reason¬ 
ably  well  with  the  estimates  (Fig.  5)  of  opu:  abun¬ 
dance  in  light-colored  laminae  (average  28  percent 
opal)  and  dark -colored  laminae  (average  21  percent 
Op«d). 

There  is  no  systematic  variation  in  the  concentra¬ 
tion'  if  minor  elements  with  depth  (Tables  2  and  3). 
indicating  t'  at  the  concentrations  in  the  surface  sedi¬ 
ments  n  the  central  basin  area  are  not  controlled  by 
cofi’ai.iinau.m  of  the  environment.  This  is  consistent 
wiin  o»her  data  (Gucluer  and  Gross.  1964)  which 
indicate  »hat  the  sedimentary  environment  in  the  inlet 
has  persisted  essentially  unchanged  for  the  past  4,000 
to  5.000  years. 

Molybdenum 

Marine  sediments  from  oxygenated  environments 
in  the  inlet  and  in  adjacent  areas  contain  so  little  Mo 
that  it  was  not  detected:  the  detection  limit  for  Mo 
is  estimated  to  be  approximately  0.0003  percent. 
Warren  and  Defa  vault  (1961)  report  M*»  concentm- 
tions  of  less  than  0.0005  percent  in  vulcanic  rocks 
near  the  inlet.  There  is  no  evidence  to  suggest  that 
large  amounts  of  Mo  arc  contributed  to  the  sediments 
by  lithogenous  constituents.  In  the  central  basin  sedi 
ment  however.  Mo  it  present  in  concentrations  of  up 
to  0.0067  percent,  ap  •-  \  twenty  times  the  Mo 

content  of  normal  ■  .menu  ' ' '.oWschmidt. 

1954:  Kuroda  and  ,  54:  ^  anwinotn.  1961: 

Sugawara  el  d.,  1961 ). 

The  concentration  of  Mo  in  the  surface  sediment* 
from  this  sulfide  environment  is  clearly  related  to 
their  reducing  capacity  (Fig.  8).  but  shows  no  corre¬ 


lation  with  the  concentrations  in  the  sediments  of 
organic  carbon,  nitrogen,  opal,  total  sulfur,  or  iron. 
Also,  there  is  no  difference  in  the  ranges  or  median 
values  of  Mo  concentrations  in  individual  laminae 
in  core  No.  4  (Fig.  7).  Thus  the  enrichment  of  Mo 
in  the  Saanich  Inlet  sediments  is  predominantly  the 
result  of  a  process  related  to  the  reducing  environ¬ 
ment  in  which  the  surface  sediments  are  deposited. 
Molybdenum  is  not  preferentially  associated  with 
either  the  biogenous  or  tithogenous  constituents. 

A  possible  small  contribution  of  Mo  to  the  sedi¬ 
ments  by  marine  organisms  cannot  lie  eliminated. 
Nicholls  el  al,  (1959)  reported  Mo  concentrations  of 
up  to  0.0036  percent  in  ashed  marine  zooplankton. 
Molybdenum  is  known  to  lie  a  nmi|H)nent  of  certain 
enzyme  systems  in  the  nitrogen  cycle  (Weissner. 
1962 »,  and  C.  II.  Oppenheimer  (personal  communi¬ 
cation)  finds  Mo  enriched  in  cultures  of  sulfate- 
reducing  bacteria. 

Korolev  (1957)  showed  that  Mo  was  concentnted 
in  the  sulfide  fraction  in  certain  coal  deposits  and  that 
its  '  cumulation  depended  on  the  "intensity"  of  the 
ret;  cing  process.  Korolev  ( 1958)  showed,  experi¬ 
mentally,  that  Mo  was  eo-precipitated  by  iron  sulfides. 
This  was  confirmed  by  Sugawara  el  al.  (1961).  who 
found  that  Mo  was  removed  from  sea  water  by  pre¬ 
cipitation  of  ferrous  sulfide  and  was  re-dissolved  when 
the  system  was  oxygenated. 

Regardless  of  the  process  by  which  Mo  is  incorpo¬ 
rated  into  the  sediments,  whether  by  sulfide  precipi 
tation  or  by  biological  processes,  the  bulk  of  the  Mo 
must  come  from  the  sea  water.  The  amount  of  Mo 
deposited  with  the  sediment  each  year  amounts  to 
less  than  5  percent  of  the  Mo  contained  in  the  sea 
water  (Goldberg.  1963)  below  100  m  in  the  inlet. 
Thus,  even  a  relatively  inefficient  process  of  extract¬ 
ing  Mo  from  a  large  volume  of  sea  water  would 
account  for  the  annual  addition  of  Mo  to  the  sedi¬ 
ments.  On  the  other  hand,  one  may  also  account  for 
the  Mo  in  the  sediments  by  assuming  that  all  tlie  Mo 
is  removed  from  a  layer  of  sea  water  within  5  m  of 
the  water-sediment  interface.  If  there  were  vine  ex 
change  of  the  water  near  the  interface,  the  thinness 
of  the  layer  involved  could  be  less  than  5  m 

Removal  of  the  Mo  from  tl*e  sea  water  near  the 
water -sediment  interface  *eem*  thr  more  probable  of 
the  two  alternatives.  Korolev  ( 1958)  found  that  solu- 
ble  thinmolybdates  form  at  pH  72  or  more  and  con 
eluded  that  the  pH  of  “normal"  *ea  water  (pH  8.1) 
does  not  favor  the  removal  of  Mo.  Korolev  showed 
that  at  pll  7.2  or  less.  Mo  formed  a  colloidal  sulfide 
wd  or  was  co-preripi!at»d  with  iron  sulfides. 

Xo  data  are  available  on  ihe  chemical  properties 
of  the  water  near  the  water -sediment  interface  in 
Saanich  Inlet,  hut  Emery  and  Rittenbrrg  (I952> 
found  that  in  certain  Calilnrnta  banns  the  pH  of  the 
"bottnni  waters”  near  the  water- sediment  interface 
was  lower  than  the  sea  water  or  the  uppermost  layer 
o(  sediment.  II  thr  water-sediment  interface  in  Saanich 
Inlet  were  actually  a  transit  tonal  tone  where  the  pH 
of  thr  water  approached  the  values  observed  in  the 
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Fig.  9.  Variation  of  B  concentration!  as  a  function  of 
the  opal  content  of  surface  sediments  and  individual  lami¬ 
nae  from  core  No.  4. 


interstitial  waters  of  the  central  basin  sediments 
(average  pH  7.0),  it  would  favor  the  removal  of  Mo 
from  the  water. 

An  ill-defined  water- iediment  interface  (or  transi¬ 
tional  zone)  may  exist  in  Saanich  Inlet,  where  there 
are  no  strong  bottom  currents  and  no  filter-feeding 
organisms,  which  remove  suspended  sediment  from 
the  water,  to  cause  a  sharply  defined  interface.  The 
chemical  properties  of  the  water  associated  with  the 
interface  would  be  affected  by  the  high  bacterial  ac¬ 
tivity  commonly  observed  near  the  interface,  and  by 
th»  flow  of  interstitial  water  expelled  from  the  sedi¬ 
ments  by  compaction  taking  place  below  the  interface. 
On  the  basis  of  Korolev  s  data,  such  a  system  teems 
especially  favorable  for  the  formation  of  Mo  sulfide 
phases.  In  addition  to  the  possible  co-precipitation  of 
Mo  by  iron  sulfides,  the  large  surface  area  of  the 
suspended  sediments  would  also  afford  a  mechanism 
for  the  removal  from  the  water  of  colloidal  sulfide 
phases  which  would  then  be  readily  incorporated  in 
the  sediments. 

Homin' 

The  boron  concentrations  in  the  sediments  art  di¬ 
rectly  related  to  the  abundance  of  opal  in  the  clayey 
silts  of  the  central  basin  area  I  Fig.  6) :  within  these 
sediments.  II  is  must  abundant  in  the  opal-rich,  light- 
colored  laminae  (Fig  ?>.  The  reiatiemhip  of  B  to 
diaiom  (rusi uk-s  is  further  substantiated  by  a  com¬ 
parison  of  the  H  concentrations  with  the  opal  con¬ 
tents  of  the  sediments  and  the  individual  laminae 
l  Fig  9». 

Hof  on  it  required  foe  the  growth  and  metahoiisiri 
of  higher  plants  ( Skok.  I95llj  and  fur  the  growth  of 
certain  diatoms  t  Wetssner.  1962) ;  the  function  of  B 
and  its  location  m  plants  has  not  been  established. 
Skull  and  Wetssner  suggest  that  it  is  invoiced  in  the 
fcu-asairan  of  cell  waits  and  may  be  localised  in  the 
cell  waits,  a  hypothesis  which  is  consistent  with  the 


apparent  concentrations  in  the  Saanich  Inlet  sedi¬ 
ments. 

The  correlation  between  the  B  concentrations  and 
the  abundance  of  clay  minerals  in  the  sediments  may 
be  evaluated  (Fig.  10)  by  comparing  the  B  content 
of  the  total  sediment  and  the  abundance  of  clay-sized 
(<  2  ft)  particles  (Gucluer,  1962).  This  comparison 
is  far  from  satisfactory  because  the  day-sized  frac¬ 
tions  of  the  sediments  include  various  silicate  n  in- 
erals  (predominantly  quartz  and  feldspar)  in  addition 
to  clay  minerals.  Also  it  is  impossible  to  eliminate 
the  effects  of  the  varying  opal  contents  in  these  sedi¬ 
ments.  No  tourmaline  was  detected  by  X-ray  diffrac¬ 
tion  analysis  of  the  sediments  but  the  extreme  vari¬ 
ation  in  the  B  concentrations  of  the  nearshore  sands 
suggests  the  presence  of  some  lithogenous  component 
containing  B. 

The  B  in  the  sediments  not  contained  in  the  lith¬ 
ogenous  components  must  be  derived  from  the  sea 
water  in  the  inlet  It  is  difficult  to  evaluate  this  con¬ 
tribution:  but  even  assuming  that  all  the  B  now  it. 
the  sediments  is  derived  from  sea  water,  it  can  be 
shown  that  the  amount  removed  each  year  is  insig¬ 
nificant  compared  to  the  amount  of  B  contair*d  in 
the  sea  water  (Goldberg,  1963)  in  the  inlet. 

SUMMARY 

Three  of  the  factors  determining  the  concentration 
of  a  minor  dement  in  the  sediments  of  Saanich  Inlet 
arc :  ( 1 )  its  concentration  in  the  lithogenoos  constitu¬ 
ents,  (2)  its  concentration  in  the  biogenoos  constitu¬ 
ents,  and  (3)  its  concentration  in  any  sulfide  phase 
formed  in  the  sulfide-bearing  waters  of  the  inlet.  In 
the  Saanich  sediments  Sc.  Y,  Ti,  Zr,  V,  Cr,  Mn.  Fc, 
Co,  Si.  Cu.  Zn,  Ga,  and  Pb  arc  primarily  associated 
with  the  lithogenoos  constituents.  For  the  most  part, 
these  dements  are  not  abundant  in  the  biogenous  con¬ 
stituents,  so  that  addition  of  biogenous  matter  to  the 
sediments  reduces  their  concentrations. 

Of  the  minor  dements  studied,  only  Mo  is  added 
in  sufficient  quantities  to  change  the  concentrations 
in  the  sediments.  The  mechanum  by  which  Mo  is 
removed  from  sea  water  and  incorporated  in  the  sedi¬ 
ments  is  not  known,  but  may  involve  a  co-precipitation 
by  iron  sulfides  removing  Mo  from  sea  water  near  the 
water -sediment  interface. 
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Apparently  the  fnutnles  of  planktonic  marine  di¬ 
atoms  incorporated  in  die  sediments  are  a  major 
source  of  B.  Clay  minerals  appear  to  be  less  important. 

AutkoCi  Nate:  Contribution  No.  123  from  the  D*  part- 
mrat  of  Oceanography,  University  of  Washington,  Seattle, 
Washington.  The  research  was  supported,  in  part,  by  tie 
National  Science  Foundation,  and  by  the  Office  uf  Naval 
Research. 
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Terrigenous  sediments  are  alternately  transported, 
mixed,  and  redistributed  in  the  complex  environment 
of  an  estuary.  Inasmuch  as  fluctuating  currents  and 
environmental  factors  influence  the  distribution  of 
sediments  ami  of  benthic  microfaunal  elements,  a 
study  of  microtaunal  distributions  may  strengthen 
our  umlerstanding  of  estuarine  sedimentation.  This 
study  is  an  attempt  to  show  the  relatM.i  of  the  micro¬ 
fauna  to  their  environment  of  deposition  and  to  cer¬ 
tain  processes  of  sediment  lion.  Systematic*  and  de¬ 
tailed  aspects  of  the  ecology  w  til  be  reported  elsewhere. 

This  study  is  hased  on  225  quantitative  core  sam¬ 
ples  of  surface  sediment  which  were  collected  from 
14fl  stations  in  the  estuary  and  marshes  of  the  Rappa¬ 
hannock  Estuary  in  northeastern  Virginia  (Fig.  1). 
Front  these  samples  of  relatively  undisturbed  sedi¬ 
ment,  JO  sq  cm  in  area  and  I  cm  thick,  specimens  of 
Forantinifera.  Ostracoda.  and  Thecamoebina  larger 
than  0  062  mm  were  concentrated.  Standard  methods 
of  preparation  and  analysis  were  used  i  Integer,  I960 1 : 
living  specimens  were  identified  by  use  of  rose  Bengal 
stain. 

The  Rapjiahannock  Estuary,  an  elongate  tributary 
of  Chesapeake  Bay,  is  a  drowned  rivet  valley  cut  in 
coastal  plain  sediments.  A  narrow  channel,  20  to  25 
feet  deep,  meanders  seaward  down  the  center  of  the 
estuary  and.  in  lower  reaches,  deepens  into  an  elongate 
basin.  M)  to  7t>  feet  deep  with  a  shallow  30- foot  sill 
at  the  mouth.  Water  in  the  estuary  and  in  the  basin 
is  trvely  exchanged  with  water  of  the  Chesapeake 
Bay.  The  mean  tidal  range  increases  upstream  from 
about  l.l  feet  at  the  mouth  to  2.6  feet  near  the  head 
Tidal  currents,  the  primary  cause  of  turbulence,  alv; 
increase  toward  the  head:  maximum  velocities  reaefe 
I  5  knots  ,n  the  lower  estuary  and  2.i  knots  35  miles 
also  r  the  mouth  The  Rappahannock  River  supplies 
most  of  the  inflow,  hut  about  2D  percent  is  contributed 
by  tributary  creeks.  Salinity  ranp*'  Iron  almost  seen 
at  the  head  to  "t  to  21  T.  at  the  mouth :  hoc  i  rental 
gradients  are  most  pronounced  in  the  upper  estuary 
Thr  seaward  increase  of  salinity  m  the  estuary  is  part 
■d  a  progressive  change  extending  to  the  mouth  of 
the  Chesapeake  Bay  system.  Extensive  marshes  fringe 
the  upper  estuary  and  tributary  creeks,  whereas  in  the 
lower  estuary  marshes  are  restricted  largely  to  low. 
lying  messes  m  the  shoreline  between  bordering 
cliffs. 


Virginia,  (  lutrl alien  Ulc,  Virginia 


Sediments  in  the  channel  range  from  silty  clay  in 
the  Upper  estuary  to  cl  yey  silt  on  the  basin  floor. 
M.1  rginal  shoals  in  the  upper  estuary  arc  chiefly  silty 
clay,  whereas  shoals  in  the  lower  estuary  are  chiefly 
sand.  Nelson  (1959,  1961 t  has  shown  that  suspended 
river -borne  sediment  is  flushed  through  the  upper 
estuary  and  appears  to  deposit  in  the  lower  estuary  or 
farther  seaward ;  bed  load  tends  to  accumulate  in  the 
middle  estuary 

BIOFACIES 

Foramini feral  standing  crops  in  the  estuary  are 
slightly  smaller  than  those  in  other  marginal  marine 
environments  (Table  1).  Living  populations  exceed 
20,000  per  sq  m  in  several  scattered  marshes,  in  two 
tributary  creeks,  and  on  shoals  of  the  middle  estuary. 
Although  nearly  30  species  of  Foraminifera  live  in 
the  Rappahannock  Estuary  and  marshes,  the  popula¬ 
tions  are  dominated  by  four  species-  The  distribution 
of  live  specimens  and  empty  tests,  primarily  of  these 
four  species,  is  used  to  define  two  major  biofaciev  and 
several  subfacies.  The  "estuary"  facies  is  divided  into 
"basin",  "shoal",  and  "river"  subfacies  (  Fig.  2 1.  The 
"tuarsh”  facies  is  divided  into  "inneT  marsh"  and 
"outer  marsh"  subfacies.  The  basin  subfacies  of  the 
estuary  is  charactcnml  by  calcareous  Foraminifera. 
largely  Hlfhtdinm  ineertnm.  In  this  subfacies,  the 
standing  crop  is  small,  generally  consisting  of  fewer 
than  2.500  per  >q  m.  The  boundary  separating  this 
subfacies  from  the  overlying  shoal  subfacies  is  rela¬ 
tively  sharp  and  trends  horiton tally  along  the  estuary 
a!  about  the  25- foot  depth  Total  papulations  of 
Ostracoda.  like  Foraminifera.  are  relatively  small  iii 
the  basin 

On  shoals  of  the  lower  estuary,  and  across  the  mid¬ 
dle  and  upper  reaches  o<  the  estuary,  the  foraminifrral 
populations  of  the  shoal  subfacies  are  dominated  by 
arenaceous  species,  chiefly  specimens  of  ifmoWs- 
htes  rraxrmi  Standing  crops  reach  50.000  sprrirK.t 
per  iq  m  and.  in  addition  In  A  cra&nu,  specimens  of 
Mil tammina  futra  and  .1  wM-xurmia  taint  are  prevent 
Total  populations  of  ouracnb  are  relatively  large  on 
ttw  shrub  between  low  tidr  and  the  Ifl-tool  depth 
Thry  are  character! red  by  carapaces  of  several  spe¬ 
cies.  including  t  nthmamtdea  tcmtnmda  and  species  of 
l  ytkerura. 

In  the  river  subfacies.  ihecatnorbmtds  are  abundant 
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in  the  sediment  to  the  complete  exclusion  of  Foratni- 
nifera.  The  boundary  between  the  river  and  shoal 
sub  facies  of  the  e^uary  is  relatively  sharp  A  few 
Ostracoda,  chiefly  Darwinula  stevensoni,  penetrate 
the  fresh  upper  reaches  of  the  estuary  and  tributary 
creeks  from  the  lower  estuary.  The  two  marsh  sub¬ 
facies  ar  •  dominated  by  a  typical  arenaceous  marsh 
fauna,  s'milar  to  those  found  in  many  other  parts  of 
the  world. 

ENVIRONMENTAL  RELATIONSHIPS 

It  is  difficult,  and  perhaps  fallacious,  to  relate  the 
distribution  of  microfauna  to  specific  physico-chemical 
factors  of  the  environment.  Ecological  requirements 
of  particular  species  have  not  been  fully  evaluated  by 
experimental  work.  Further,  environmental  factors, 
which  typically  range  widely  with  time  and  from 
place  to  place,  are  only  partly  known.  However,  dis¬ 
tributions  of  salinity,  drawn  from  numerous  hydro- 
graphic  observations  of  the  Chesapeake  Bay  Institute 
(1952,  1954,  1955)  and  from  various  biological  sur¬ 
veys  including  data  collected  for  the  present  study,  are 
sufficient  to  delineate  the  general  physical  structure 


and  different  types  of  water.  The  discussion  that  fol¬ 
lows  is  .an  attempt  to  relate  the  distribution  of  micro- 
fauna  to  principal  types  of  water  which  appear  to  have 
a  collective  influence  on  the  dominant  faunal  elements. 

Water  Characteristics 

The  estuary  is  a  typical  two-layered  system  with 
moderate  haline  stratification.  In  the  lower  estuary, 
under  normal  conditions  of  inflow,  a  vertical  salinity 
gradient  at  a  depth  of  about  16  to  20  feet  beneath  the 
surface  separates  an  upper  layer  of  freshened  water 
from  a  lower  layer  of  saltier  water  (Fig.  3).  The 
lower  layer  is  characterized  by  relatively  high  salinity 
and  diminished  oxygen  content.  Turbulence  is  gen¬ 
erally  less  than  in  the  upper  layer  and  the  net  flow 
is  up  the  estuary.  In  contrast,  the  outflowing  water  of 
the  upper  layer  has  lower  salinity,  greater  turbulence, 
and  higher  oxygen  content.  In  the  middle  estuary, 
salinity  of  the  upper  layer  decreases  rapidly  with  dis¬ 
tance  upstream  in  a  section  called  the  “gradient”  zone 
(Rochford,  1951).  In  this  zone  the  water  is  relatively 
well  mixed  as  a  result  of  tidal  action.  When  strong 
winds  blow  seaward  down  the  estuary,  mixing  may  be 


I.  Location  of  the  Rappahannock  Estuary,  Virginia,  principal  environmental  features,  and  general  plan  of 
sampling  stations  (dots). 
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Table  1.  Standing  crops  of  Foraniinifera  expressed 
as  number  of  living  species  per  square  meter. 


Average 

Maximum 

Rappahannock  River 
Estuary 

8,900 

142,000 

Creeks 

20,900 

167,000 

Marshes 

5,500 

41,500 

Texas  Bays 

50,000-200,000 

2,600,000 

Mobile  Bay 

130,000 

277,000 

Mississippi  Sound 

42,000 

451,000 

Mississippi  Delta 

90,000 

8,000,000 

augmented  by  a  convective  rise  of  water  flowing  up¬ 
stream  from  the  lower  layer  of  the  basin.  Headward, 
above  the  gradient  zone,  influence  of  the  river  and 
tributary  creeks  predominates.  Water  is  turbulent, 
turbid,  and  fresh. 

Microfaunai.  Relationships 

The  three  microfaunai  biofacies  in  the  estuary  ap¬ 
proximately  correspond  to  the  three  water  types  or 
biotopes.  The  river  subfacies  with  Thecamoebina  is 
confined  to  the  freshened  part  of  the  estuary  above 
the  gradient  zone;  the  shoal  subfacies  of  the  estuary, 
containing  abundant  arenaceous  Foraminifera,  lies 
within  the  upper  layer  in  and  downstream  from  the 
gradient  zone;  and  the  basin  subfacies  of  calcareous 
Foraminifera  inhabits  the  lower,  deeper  water  of  the 
estuary.  The  basin  subfacies  is  associated  with  fine¬ 
grained  sediment,  largely  clayey  silt,  whereas  the 
shoal  subfacies  occupies  both  sand  and  mud  from  the 
mouth  to  the  head  of  the  estuary. 

Under  conditions  of  extremely  low  inflow  in  the 
summer  of  1963,  salt  water  penetrated  upstream  be¬ 
yond  its  normal  limit  exhibited  in  the  summer  of  1962 
and  haline  gradients  were  relatively  weak  throughout 
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Fig.  2.  Distribution  of  estuarine  microfaunai  facies, 
Rappahannock  Estuary. 
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Fig.  3.  Principal  types  of  estuarine  water  and  general 
pattern  of  circulation,  schematic 


the  estuary.  In  response  to  these  conditions  the  micro¬ 
fauna  boundary  between  the  river  and  shoal  subfacies 
shifted  upstream  from  its  position  in  the  previous 
year;  and,  in  a  similar  manner,  the  upstream  limit 
of  the  basin  subfacies  progressed  headward  about 
eight  miles  and  integrated  laterally  to  a  slight  degree 
with  the  shoal  subfacies. 

The  relationship  of  microtaunal  patterns  to  estu¬ 
arine  water  types  is  supported  by  similar  distributions 
in  the  James  Estuary,  a  nearby  tributary  of  Chesa¬ 
peake  Bay.  Salinity  gradients  are  more  pronounced 
than  in  the  Rappahannock  Estuary  and  turbulence  is 
generally  greater.  A  traverse  across  the  mud-floored 
middle  estuary  exhibits  the  two  principal  facies  ele¬ 
ments:  an  arenaceous  Foraminifera  fauna  on  shoals 
bathed  by  the  upper  layer  and  a  calcareous  Foraini- 
nifera  fauna  in  the  shallow  channel.  The  lower  cal¬ 
careous  fauna  predominates  on  the  right  side  of  the 
channel  (looking  upstream)  which  appears  to  respond 
to  the  crowding  and  slight  rise  of  the  upsiream-flow  Ing 
lower  layer  (Pritchard,  1952). 

SEDIMENTATION 


Mixing  and  Redistribution 

The  distribution  of  empty  foramini feral  tests  paral¬ 
lels  the  patterns  of  the  standing  crop.  Both  empty 
tests  and  living  specimens  of  Elphidwm  incerlum  are 
relatively  abundant  in  the  samples  from  the  basin, 
whereas  empty  tests  as  well  as  living  specimens  of 
Ammobaculilies  crassus,  and  to  a  lesser  extent  Mili- 
iiinmina  fusca,  abound  in  samples  from  the  shallow 
reaches  and  from  the  upper  estuary.  A  facies  map 
could,  therefore,  be  drawn  equally  well  from  the  dis¬ 
tribution  of  living  specimens  or  from  the  distribution 
of  empty  tests.  However,  certain  relationships  be¬ 
tween  the  distribution  of  empty  tests  and  the  distribu¬ 
tion  of  living  specimens  may  provide  insights  into 
processes  of  estuarine  sedimentation. 

Inasmuch  as  currents  reach  velocities  competent  to 
trans|xirt  tests,  as  well  as  sediments,  microfaunas  are 
subject  to  reworking  and  redistribution.  In  the  upper 
estuary,  where  shorelines  are  extensively  bordered  by 
marshes,  and  where  current-washed  tributary  creeks 
are  well  flushed,  tests  of  certain  species  presumed  to 
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Fig.  4.  Average  number  of  marsh  Foraminifera  in  the 
estuary  with  distance  above  the  mouth  (upper).  Profile 
of  ctiannel  and  basin  floor ;  gradient  zone,  shaded  (lower). 

be  indigenous  to  the  marsh  are  present  in  the  estuary. 
Marsh  specimens  are  most  numerous  at  the  mouths 
of  tributary  creeks  in  the  upper  estuary,  and  they  are 
dispersed  downstream  in  diminishing  numbers  ap¬ 
proximately  to  the  limit  of  bed-load  transport  in  the 
gradient  zone  (Fig.  4).  Marsh-derived  organic  detri¬ 
tus  may  supply  nutrient  material  important:  to  estuarine 
productivity.  Specimens  of  marsh  Foraminifera  are 
scarce  in  the  lower  reaches  of  the  estuary.  Marshes  are 
less  extensive  than  in  the  upper  reaches  and  exchange 
of  water  between  marsh-fringed  tributary  creeks  and 
the  estuary  is  reduced.  Wave  action  on  marginal  shoals 
of  the  lower  estuary  removes  many  tests.  Displaced 
tests  tend  to  be  spread  laterally  and  downward  but 
few  reach  the  basin  floor. 

Rates  of  Deposition 

Relative  rates  of  sedimentation  have  been  estimated 
by  numerous  workers  in  other  areas,  using  ratios  of 
living  specimens  of  Foraminifera  to  total  tests,  a  high 
L/T  ratio  indicating  more  rapid  sedimentation  than 
a  low  L/T  ratio  (Phleger,  I960).  Briefly  the  ra¬ 
tionale  is  that  if  the  birth  and  death  rates  are  more  or 
less  uniform  in  time  and  space,  the  rate  of  addition  of 
tests  to  the  sediment  is  fixed  and,  therefore,  the  rate 
of  dilution  by  sediment  can  lie  approximated.  For  a 
given  number  of  living  specimens,  a  specified  volume 
of  sediment  in  an  area  of  rapid  sedimentation  should 
contain  fewer  foraminifera!  tests  than  an  equal  volume 
of  sediment  in  an  area  of  slow  deposition. 

The  distribution  of  average  total  Foraminifera  popu¬ 
lations  with  distance  up  the  estuary  shows  an  irregu¬ 
lar  increase  with  values  reaching  7.500  tests  per  20 
ml  near  the  head  (Fig.  5).  Corresponding  living 
Imputations  vary  within  relatively  narrow  limits  rang¬ 
ing  from  0  to  41  tests  per  20  ml.  Average  live-total 
ratios  indicate  relatively  high  sedimentation  in  the 
middle  estuary  where  values  reach  .053.  Comparison 
of  live, 'total  ratios  for  1962  and  for  1963  shows  that 


the  middle  estuary  continued  to  be  an  area  of  rapid 
sedimentation  from  year  to  year.  In  1963,  three  sam¬ 
ples  were  collected  at  each  of  four  stations  22  miles 
above  the  mouth;  live/total  ratios  for  three  species 
are  in  good  agreement  between  samples  at  a  station, 
and  relative  rates  of  sedimentation  ac  indicated  for 
each  station  by  these  ratios  are  in  agreement  between 
species  (Table  2). 

DISCUSSION 

The  patterns  of  microfauna  in  the  Rappahannock 
Estuary  appear  to  be  related  to  different  types  of 
estuarine  water.  Although  the  facies,  as  established 
by  standing  crops  of  microfauna,  correspond  with  bi¬ 
otopes  of  the  overlying  water,  certain  aspects  of  the 
distributions  suggest  that  transportation  by  currents 
and  va'yir  g  rates  of  sedimentation  are  also  operating. 

The  rate  of  sedimentation  certainly  may  be  an  im¬ 
portant  factor  influencing  the  relationship  between  the 
distribution  of  living  Foraminifera  and  the  distribu¬ 
tion  of  total  tests.  However,  relative  rates  of  sedi¬ 
mentation,  as  determined  by  using  live/total  ratios, 
and  those  determined  from  successive  changes  of  depth 
on  hydrographic  charts  during  the  periods  1855— 
1909-1955  show  little  relationship.  Nevertheless,  the 
middle  estuary,  just  downstream  from  the  gradient 
zone,  appears  to  lie  one  of  relatively  rapid  sedimen¬ 
tation.  The  rapid  accumulation  on  shoals  represents 
the  river-borne  bed-load  deposition  delineated  by  Nel¬ 
son  (personal  communication),  whereas  the  high  ac¬ 
cumulation  in  the  basin  is  associated  with  deposition 
of  a  fraction  of  the  river-borne  suspended  load. 

Standing  crops  of  Foraminifera  may  change  in  size 


Fig.  5.  Average  total  and  living  populations  of  Forami¬ 
nifera  with  distance  upstream  in  the  basin  subfacies  and 
the  shoal  subfacies  (upper).  Corresponding  living-total 
ratios  with  distance  above  the  mouth  (middle).  Profile  of 
channel  and  basin  floor;  gradient  zone,  shaded  (lower). 
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Table  2.  Comparison  of  live/total  ratios  for  four 
stations  in  the  middle  estuary  in  July  1963. 

Ammonia 

Elphidium  beccarii  Ammo- 
Sample  vars.  var.  baculites 
Station  No.  D-E  lepida  crassus 


1 

.00 

.11 

.00 

2 

.00 

.76 

.00 

3 

.00 

.23 

.00 

Average 

3)0 

J7 

Ho 

1 

.80 

.64 

.40 

2 

.72 

.71 

.44 

3 

.89 

.95 

.47 

Average 

Ho 

.76 

A4 

1 

.75 

.88 

.58 

2 

.71 

.83 

.58 

3 

.79 

.82 

.52 

Average  .75 

84 

.56 

1 

.04 

.47 

.00 

2 

.00 

.29 

.04 

3 

.03 

.00 

.02 

Average 

83 

.26 

82 

and  position  from  year  to  year.  However,  an  abun¬ 
dance  of  empty  tests  at  a  specific  station  apparently  is 
not  related  to  a  large  standing  crop  at  the  station  in 
the  previous  year.  A  chi-square  test  showed  no  sig¬ 
nificant  association  between  living  specimens  in  1962 
and  total  tests  in  1963,  as  compared  at  each  of  thirty- 
three  stations. 


Redistribution  of  empty  tests  in  a  coastal  plain  es¬ 
tuary  may  be  significant.  Foraminiferal  tests  intro¬ 
duced  partly  from  marshes  appear  to  be  washed  down 
the  estuary  on  the  shoals  to  a  greater  extent  than  on 
the  channel  floor.  Further,  near  the  basin  head,  empty 
tests  of  Elphidium  incertum  are  distributed  upstream 
more  than  5  miles  beyond  the  limit  of  living  speci¬ 
mens.  In  the  Mississippi  Delta  area,  Miller  has  shown 
that  foraminiferal  numbers  are  related  only  to  the 
strength  of  the  bottom  current  (Miller  and  Kahn, 
1962).  This  suggests  that  the  accumulation  of  tests 
is  the  product  of  redistribution  by  the  current.  Simi¬ 
larly,  Rottgardt  (1952)  states  that  the  foraminiferal 
distributions  in  Kiel  Bay  reflect,  at  least  partly,  the 
prevailing  current  conditions.  In  the  Rappahannock, 
patterns  of  facies,  characterised  by  relatively  abrupt 
boundaries,  are  maintained  because  redistribution  oc¬ 
curs  in  accordance  with  the  relatively  sharp  contrasts 
in  estuarine  circulation. 

Comparison  with  Other  Areas 

In  order  to  distinguish  different  types  of  estuaries 
in  ancient  rocks,  it  is  useful  to  contrast  the  micro- 
faunal  patterns  in  the  Rappahannock  Estuary  with 
those  of  a  sound  and  of  a  coastal  lagoon.  Phleger 
(1960)  summarizes  the  chief  features  of  distributions 
and  related  oceanographic  conditions  in  San  Antonio 
Bay,  Texas,  a  restricted  lagoon  in  which  the  influence 
of  river  inflow  is  relatively  low  and  variable,  and  in 
Mississippi  Sound,  with  discontinuous  barriers  in 
which  runoff  is  abundant  and  continuous.  The  micro- 
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Fit  6  Diagrammatic  contrasts  of  facies  patterns  in  a  sequence  of  estuaries  with  different  degrees  of  river  in¬ 
fluence :  San  Antonio  Bay,  Texas  (left),  Mississippi  Sound  (middle),  and  Rappahannock  Estuary  (right).  Numerical 
values  represent  average  living  populations  in  each  area. 
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fauns  in  these  areas  is  constituted  of  elements  similar 
to  those  found  in  the  Rappahannock,  with  an  arenace¬ 
ous  foraminiferal  facies  in  inner  freshened  areas,  and 
a  calcareous  facies  in  seaward  parte  (Fig.  6).  In  San 
Antonio  Bay  the  calcareous  facies  is  relatively  wide¬ 
spread  over  a  broad  area  of  the  lower  lagoon.  Phleger 
believes  this  distribution  is  related  to  invasion  of  open- 
ocean  water  during  long  periods  of  low  inflow.  In 
Mississippi  Sound  the  calcareous  facies  largely  ex¬ 
tends  inward  to  the  barrier  islands  and  inlet  passes 
where  it  forms  a  relatively  sharp  boundary  with  th: 
arenaceous  fauna  of  the  sound.  In  the  Rappahannock 
Estuary  the  influence  of  river  inflow  is  relatively  great 
and  favors  development  of  a  two-layered  estuarine  sys¬ 
tem.  The  calcareous  facies  penetrates  inward  in  the 
lower  layer  to  the  gradient  zone  of  the  middle  es¬ 
tuary  and  persists  within  relatively  narrow  limits. 
Marsh  spec  <.  s  spread  into  the  estuary  are  largely 
restricted  t  •  the  upper  reaches  and  marginal  shoals 
of  the  Rappahannock,  whereas  in  Mississippi  Sound 
marsh  specimens  are  mixed  with  the  sound  fauna  over 
a  wide  area  along  the  open  shoreline.  The  average 
number  of  living  specimens  in  the  Rappahannock  is 
much  smaller  than  in  the  other  areas. 

Conditions  of  sedimentation  may  be  inferred  from 
the  distribution  of  microfauna.  However,  before  these 
organisms  can  be  used  with  complete  confidence  for 
such  purposes,  techniques  of  study  need  refinement 
and  much  needs  to  be  learned  about  living  habits  and 
the  structure  of  populations. 

Author's  Note:  This  study  is  a  contribution  of  the  Vir¬ 
ginia  Institute  of  Marine  Science,  No.  223. 
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The  Microbiota  of  Estuaries  and  Their  Roles 

JAMES  B.  LACKEY 
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In  discussing  the  roles  of  microorganisms  in  estu¬ 
arine  situations,  the  implication  is  that  an  estuary  is 
a  special  kind  of  place.  Essentially,  a  marine  estuary 
is  a  place  where  fresh  and  salt  water  mix.  I  is  a 
place  where  freshwater  organisms  encounter  salt 
water,  and  oceanic  organisms  enter  water  that  is  less 
salt.  Obviously,  unless  these  plants  and  animals  can 
adapt  to  a  wide  range  of  chemical  and  physical 
changes,  they  perish.  Undoubtedly,  many  microscopic 
creatures  do  perish  in  the  changing  environment. 
However,  qualitative  and  quantitative  analyses  of  the 
biota  reveal  a  large  population  in  both  categories — 
many  species,  and.  for  some  species,  many  individuals. 
There  are  indications  that  certain  species  may  be 
found  only  in  estuaries. 

BACTERIA 

Marine  bacteria  and  their  place  in  estuarine  ecology 
have  been  well  considered  by  ZoBell  (1946),  with 
the  exception  of  those  bacteria  which  accumulate  sul¬ 
fur  within  their  cells.  ZoBell  and  Upham  (1944) 
also  listed  the  sulfur  bacteria  of  marine  situations,  17 
genera  of  which  are  included  herewith,  but  also  in¬ 
cluding  eight  species  not  in  our  list.  This  listing  in¬ 
cludes  25  genera  and  64  species  belonging  to  several 
orders.  Except  in  sulfur  springs  and  certain  types  of 
sewage  treatment  plants,  the  filamentous  Beggiatoales 
are  rather  uncommon  in  fresh  water,  whereas  Thi- 
orhodaceae  and  Achromatium  Schewiakoff  are  com¬ 
mon,  at  least  in  stagnant  waters.  Beggiatoales  are 
common  in  salt  water,  as  are  the  ot'sers,  and  Beggi- 
atoa  gigantca  Klas,  B.  mirabilis  Cohn  em  Klas,  and 
Thiodtndron  musosnm  Lackey  and  Lackey  have  been 
rejmrted  only  from  brackish  or  salt  water  ( Lackey. 
I960;  Lackey  and  l-ackev,  1961  i .  Sulfur  is  the  fourth 
most  abundant  element  in  sea  water — 884  ppm — and 
is  both  oxidized  and  reduced  by  sulfur  bacteria.  The 
reactions  yield  energy.  460  and  29  Iccal.  and  the 
quantity  of  available  sulfur,  as  well  as  the  energy 
relationships  involved,  is  an  obvious  answer  to  the 
abundance  of  these  organisms  in  salt  water. 

An  important  function  of  these  bacteria  is  the  re¬ 
moval  of  H*S  in  sea  water.  H,S  is  directly  toxic 
to  living  organisms,  although  different  species  vary 
in  their  reactions  to  various  concentrations.  Thus, 
samples  brought  in  front  sulfur  springs  where  there 
are  2-3  ppm  must  not  he  tightly  stofipered  because 
even  in  a  few  hours,  and  with  lowered  temperatures, 
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the  accumulation  of  H,S  is  toxic  and  the  biota  > 
the  sample  is  markedly  changed  Use  of  HjS  by  or¬ 
ganisms  such  as  the  Beggiatoales,  resulting  in  its 
change  from  a  sulfide  in  the  water  to  non-toxic  de¬ 
mental  sulfur  wifiin  the  organism  (or  precipitated 
outside  the  cell)  eliminates  it  as  a  deterrent  to  a 
rapid  mineralization  of  organic  matter. 

Sulfur  bacteria  may  become  most  abundant  in  com¬ 
mon  situations,  as  in  the  large  sulfur  springs  of 
Florida  wi  'i  their  white  coatings  of  sulfur  bacteria. 
A  most  striking  example  is  Warm  Mineral  Springs 
(Lackey  and  Lackey,  1961),  which  is  half  sea  water, 
and  which  has  huge  populations  of  virtually  all  the 
„ulfur  bacteria,  including  Beggiatoa  gigantea,  which 
can  be  picked  up  there  by  the  handful.  In  this  case 
the  immediate  sulfur  source  is  H,S.  But  in  many 
Air  Force  camps  of  the  southwestern  United  States 
investigated  during  World  War  II  by  Lackey  and 
Dixon  (1943)  for  the  white  and  purple  bacteria  on 
transite  plates  in  Hays  process  sewage  treatment 
plants,  the  principal  sulfur  source  was  probably  the 
high  SO,  content  of  the  ground  water.  Several  Beg¬ 
giatoales  are  also  common  in  the  mud-water  inter¬ 
face  in  ocean  waters.  The  most  abundant  yet  seen 
were  Beggiatoa  gigantea  in  the  polluted  mud  of  the 
Los  Angeles  harbor  region,  where  Reish  (1957)  in¬ 
vestigated  the  anndid  population. 

There  are  obviously  limits  to  the  concentration  of 
HjS  which  can  be  biologically  mineralized.  The  Oslo 
Fjord  and  the  Black  Sea  are  examples.  It  is  interest¬ 
ing  that  Kriss  (1963),  who  studied  the  bacteria  of 
the  Black  Sea  at  length,  had  no  statement  about 
sulfur-accumulating  bacteria  as  suspended  forms,  and 
that  by  implication  he  strongly  supports  the  idea  of 
the  limitations  imposed  by  dissolved  H,S. 

ALGAE 

For  this  discussion,  the  algae  can  be  treated  as 
plankton  forms,  generally  containing  chlorophyll  with 
or  without  other  pigments;  and  as  benthic  forms, 
usually  nan-pigmented,  although  in  the  photic  tone 
there  are  large  numbers  of  photosynthetic  forms. 
Blue-green  algae  attain  importance  in  biomass  as 
epiphytes  on  estuarine  mud  Hats  and  in  very  shallow 
water. 

It  is  widely  accepted  that  the  amounts  of  available 
I’D,  and  NO,  generally  govern  the  abundance  of 
green  plants.  A  favorable  NT’  ratio  is  somewhere 
between  10 : 1  and  JO ;  I  as  far  as  abundance  is  con¬ 
cerned.  but  deviations  from  these  ratios  are  common 
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and  effective,  and  there  are  various  other  limiting 
factors  as  well.  The  amounts  of  available  NOj  and 
P04  are  small  in  oceanic  waters,  except  in  regions  of 
up  welling,  as  along  the  Pacific  Coast  In  estuarine 
situations  the  amounts  may  be  much  larger,  depending 
on  the  amount  of  drainage  (1)  from  urban  areas, 
(2)  from  agricultural  land,  and  (3)  from  areas  un¬ 
derlain  by  calcareous  rocks.  In  areas  underlain  by 
granitic  rocks  there  is  a  smaller  amount  of  solution, 
and  drainage  from  forested  land  and  sandy  areas  is 
generally  poor  in  nitrates  and  phosphates.  It  seems 
almost  certain  that  green  Volvocales  and  some  Eu- 
gtcnophyceae  utilise  orrtnic  compounds,  and  that 
Chryaophyceae  and  dmoflageltates  not  only  utilise 
soluble  organic  compounds,  but  often  ingest  solid 
food.  Therefore,  aside  from  important  roles  in  re- 
aeration  and  as  food  organisms,  they  must  have  an 
important  but  imperfectly  understood  role  in  the  deg¬ 
radation  of  organic  matter. 

Published  papers  do  not  contain  many  qualitative 
and  quantitative  listings  of  the  microbiota  of  estu¬ 
aries.  Personal  experience  has  included  the  inshore 
wale's  around  Woods  Hole;  Plymouth.  England 
(Lackey  and  Lackey.  1963),  where  the  harbor  waters 
are  fed  by  the  Rivers  Plvm  and  Tamar;  San  Diego 
Bay  (Lackey  and  Clendenning.  1960).  whose  huge 
harbor  receives  very  little  fresh  water  other  than  the 
sewage  of  a  city  of  500,000  (at  the  time  of  study) ; 
Mission  Bay,  with  almost  no  inflow  except  during  a 
short  rainfall  season  of  5  to  10  inches:  the  Chesa¬ 
peake  Bay  around  Solomons  Island ;  Great  South  Bay, 
Long  Island,  New  York  (Lackey.  1963).  with  sub¬ 
stantial  ground  water  leached  from  its  urban  popula¬ 
tion  and  numerous  small  streams;  Warcasassa  Bay. 
whose  streams  are  from  forested  sandy  areas:  and 
limited  experience  with  the  Fenholloway  Estuary, 
whose  waters  are  heavily  polluted  by  paper  mill 
wastes.  The  Waccasassa  and  Fenholloway  are  small 
rivers  entering  the  Gulf  of  Mexico  west  a\d  north¬ 
west  of  Gainesville.  Florida  For  most  of  these,  lists 
of  the  plankton  algae  and  protozoa  are  available.  In 
addition,  there  are  many  papers  on  the  Os! »  Fjord  bv 
iiraarad  and  his  co-workers,  and  papers  on  the  estu¬ 
aries  of  other  European  rivers. 

VotvoCAtEs 

The  Volvocales  are  relatively  cunroon  to  inshore 
waters.  In  Great  S«mth  Bay  ( l-ackev.  196JI.  19 
genera  or  species  were  listed,  of  which  six  are  dis¬ 
tinctly  freshwater  forms,  tarlena  Ihesing,  (  klamr- 
Ehrmberg.  and  Pamalifiia  Teodoresco  were 
probably  represented  by  several  species.  In  the  Wac¬ 
casassa  Estuary  there  were  30  genera  and  species  of 
which  five  are  regarded  as  freshwater  There  are  at 
feast  five  genera  which  ireur  so  frequently  that  they 
may  he  regarded  as  characteristic  of  estuarine  watr- 
the  mos,  abundant  and  most  frequently  occurring 
being  rynm^MRCMt  gram  Parke.  In  fresh  water. 
Volvnrairs  tend  to  occur  in  abundance  in  polluted 
situations,  so  that  large  numbers  are  certainly  indica¬ 
tive  of  a  high  organic  content.  This  illustrates  an¬ 


other  role  of  microorganisms — the  connotation  of 
their  presence.  Few  species  might  properly  be  classed 
as  indicators  of  a  specific  characteristic  of  a  body  of 
water,  but  certain  groups  and  high  occurrences  cer¬ 
tainly  are  indicators.  Rock  pools  at  Woods  Hole. 
Plymouth,  and  the  University  of  Rhode  Island  Narra- 
gansett  Marine  laboratory,  contaminated  with  gull 
droppings,  often  contain  huge  numbers  of  DunalieUo 
and  CMamydomemax.  These  small  pools  vary  greatly 
in  salinity  because  of  rainfall,  tides,  and  evaporation : 
>  salinity  is  not  necessarily  a  factor.  The  nitroge¬ 
nous  excreta  of  birds  is  uric  acid,  not  as  easily  broken 
down  as  urea,  but  the  bird  egesta  probably  contains 
abundant  nitrogenous  matter.  Certainly  such  pools 
are  often  heavily  polluted,  and  their  populations  are 
preponderantly  Volvocales. 

ClILOBOTOCCAUtS  AND  OTHEX  ChLOXOPH  VCEAE 

I’lankton  Chlorophyceae  tend  to  be  sparse  in  oceanic 
and  estuarine  waters.  Those  which  enter  from  fresh¬ 
water  situations,  Scenedesm ms  Meven,  for  example, 
do  not  survive  very  long.  The  only  abundant  ones  in 
Great  South  Bay  in  1961  were  two  species  of  C Mo¬ 
relia  Beijemick,  and  XannocUoru  Xaumann.  This 
latter  genus  was  incriminated  there  in  the  disappear¬ 
ance  of  the  oyster  industry  in  the  1940's.  Its  actual 
role  was  never  determined,  but  studies  ( ( Haney,  1944 ; 
Hidwell.  1949)  indicated  that  its  behavior  as  a  per¬ 
sistent  dominant  may  have  presented  growth  of  a 
mixed  food  population  for  oysters,  that  it  may  not 
itself  have  been  a  proper  food,  or  that  it  produced 
metabolites  which  were  unfavorable  to  oyster  growth. 

Its  growth  in  Great  South  Bay  indicated  that 
whertas  it  was  a  very  minute  organism.  2-3  a  in 
length,  its  numbers  were  sufficient  to  produce  a  con¬ 
siderable  biomass.  Often  a  Secchi  disk  would  become 
invisible  at  12  inches  where  this  plankter  was  in 
bloom.  Table  I  is  a  listing  of  species  ami  numbers 
of  organisms  in  Great  South  Bay  on  three  dates,  ami 
illustrates  the  dominance  of  XammocMons.  Given  the 
proper  environment,  this  organism  ami  ('Morelia  have 
tlie  ability  to  attain  great  numbers  in  estuarine  waters, 
but  they  are  the  only  plankton  Oikuophyceae  for 
which  we  have  such  a  record. 

El't.t.KXorilYt'CAE 

t  Irern  flagellates  of  this  group  are  confined  to  two 
genera,  as  far  as  abundant  occurrence  i«  concerned 
These  are  halrefha  I’crty  and  Etdrefheila  !>a  I'unha 
which  differ,  according  to  Butcher  i  1959 1.  largely  in 
a  very  marked  difference  of  the  two  flagella  in  the 
latter,  whereas  in  Eatreftm  the  flagella  are  hoth  long, 
but  suhequal.  There  are  some  species  of  Eagle** 
Ehrenherg  which  occur  in  brackish  w-ater.  notably 
/:  rcrmi/wiz  Carter,  hut  we  have  never  found  them 
in  quantity.  E.  hatota  '  lard.  i»  supposedly  common 
on  the  mud  honks  of  at  least  one  estuary  in  England 
t  Fraser.  1939 1.  Table  2  show*  the  mimhrr*  of 
green  Kugtenophycear  in  four  estuaries  studied  in¬ 
tensively.  It  is  appaient  that  only  two  genera  occur 
in  abundance.  It  has  not  been  frasihk  to  separate 


MICKOBIOTA  AND  THEIt  DOLC5 


293 


Table  I.  Organisms  in  one  milliliter  of  water  in  the  polluted  area  of  Great  South  Bay  on  four  dates  in  1952. 


Sample  Location 

Pouquogue 

Bridge 

Shinnecock 

Bay 

Forge  River 
Dock 

Forge  River 
Dock 

Date 

5-13-52 

5-13-52 

6-16-52 

7-21-52 

Temperature 

56*  F. 

56*  K. 

77*  F. 

82*  F 

Secern  disc  visibility 

17' 

i  r 

11* 

Adi*atlr*m  kaaUckd  1-agerhetm 
Aelimtflyehat  **d*lahu  (Corda)  Ralls 

4 

1 

792 

Aelmoflyrku*  Ehrenberg 

A*kislrod(imtu  jalcoltu  Ehrenberg 

1 

2S6 

Coscutodiinu  Ehrenberg.  Urge 

i 

Cottinoducus  Ehrenberg,  small 

CtajUriofiii  longutmmm  Lena  nermann 

7 

3 

96 

Cryftomanas  Ehrenberg 

128 

Ciliata  unid. 

4 

6 

DinofUgelUta  unid. 

6 

48 

Gymnodmmm  tfUndns  Leboor 

Green  cells,  unid. 

6 

768 

Hojlaltll.  radio**  Erlanger 

4 

Mrtonra  nlcalt  ( Ehrenberg)  Hading 
Micrattimimm  puiUu  Fresendius 

4 

48 

112 

SI icrogromut  Hertwig 

Shmodmimm  balbum  Fabre-Domrrgur 

12 

1 

2 

Xavimla  sp.  Bor/ 

Gary  slit  Nageli 

Otdllaiono  Vauchrr 

1 

2 

3 

I’aramtcmm  Irvhinm  (  Stokes )  Wenrkh 

1 

I'Uttrujtqma  fajeioia  t  Ehrenberg ) 
/’w/vrdriofrii  jfi""lota  Schmindle 

1 

1 

26 

I’rorixrntnim  lria*g*lal*m  Martin 
SccHfdrim*!  qwodrvanda  Chodat 

8 

2 

48 

Sxraeotfkarra  car  Ur  or  Braarud  and  Fager 

1 

1 

Ti*:i**afiu  mm* la  Wailes 

L'rolri(ka  tarsia  Claporede  and  Larbmann 
I'orlurtla  tLirme)  Ehrrnhrrg 

48 

5 

Total 

15 

24 

158 

2242 

Xa**o(klttru  baultarii  Naumann 

3240 

8,000 

I.4J0284 

76252 

Species 

9 

11 

9 

15 

limirtptia  and  F.mlrtfliAla  in  counting,  although  this 
can  lie  done  by  examining  the  imputation  by  phase 
microscopy.  This  taldc  shows  that  certain  freshwater 
species  enter  maters  of  various  degrees  of  salinity  and 
survive  there  for  a  time.  It  also  shows  that  Emlrvftta 
ami  Fmlrrfttdia  arc  responsive  to  recent  organs:  con¬ 
tamination.  hecause  all  the  hlonms  except  those  in  the 
Warcavassa  have  occurred  in  such  areas.  In  Great 
Smith  I  lay  i  !  jckey.  IKd  i.  the  most  dense  aggregate 
of  these  organisms  was  below  live  sewer  outfall  of 
kiverhead.  in  1‘ecomc  Hay. 

The  colorless  Fuglrtsiphvceac  are  far  more  com¬ 
mon  i  in  number  of  genera  am!  species  I  and  often 
more  abundant  in  estuarine  waters  than  the  green 
ms  They  rarely  occur  in  blooms,  however,  for  one 
reason.  Most  of  them  are  creeping  forms,  and  they 
live  in  the  sediment- water  interface,  that  thin  layer 
which  is  the  recipient  of  all  the  organic  debris  rained 
down  (tom  th-  overly  ing  waters.  A  few  ingest  solid 
food :  most  of  thrm  are  sapruemc. 

At  llymouth.  25  of  the  29  species  of  Kugtmophy- 
crar  were  found  in  the  sand  and  mud  lats  or  the 


sediment-water  interface  I  Lackey  and  Lackey.  1963). 
Three  of  the  remaining  four  were  green  swimming 
forms ;  and  two  of  the  fire  green  specie*  were  found 
only  in  the  sediment  Table  3  is  a  list  of  the  coloricas 
Kugknafihyeeae  from  several  estuarine  situations  It 
includes  a  Urge  number  of  species,  but  not  numbers 
No  satisfactory  sampling  procedure  has  yet  been  de¬ 
veloped  which  permits  a  count  per  ml  of  the  thm. 
two  to  five  mm  sediment- staler  interface.  Lore  sam¬ 
ples  air  the  best  to  far.  but  a  good  core  ;»  not  often 
obtained. 

When  a  good  rote  o  obtained  m  a  glass  or  plastic 
tube,  the  fWxcuknt  interface  is  usually  brown.  This 
is  tnir  even  for  a  sand  core.  Within  a  few  mitli 
meters  below  the  surface,  the  srdtmrri  is  blackened 
due  to  sulfide.  While  many  calories*  F-ugienaphyerw 
are  facultative  anaerobes,  few.  if  any,  are  obligate 
lf<iwtp*mtl v.  they  do  not  inhabit  the  Mack  layer, 
where  three  u  so  oxygen,  and  Ilf5  proha hlv  exists 
m  toxic  amounts.  A  Urge  part  of  the  interface  popu¬ 
lation  consists  of  these  rugtrsnds.  cdiaMs.  and  U;- 
tetia.  it  seems  port  of  an  acceptable  the  th,’  the 
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Table  2.  Green  Eugltnopbyceae  from  estuarine  waters  showinf  organisms  and  number  of  occurrences. 

location  Great  South  Bay  San  Diego  Bay  Plymouth  Waccasassa 

No.  Samples  132  89  c»  96  221 


Cymktmumt  Sehilter  3 

fisfinsmuBsobcn 

Brnflnm  fntrtrwf  EkNcenin 

RtyfUna  fuset  (Klebs)  Lenunermann  I 

Eagfras  grmciUs  Klebs  2 

Bwgkm  Klebs  I 

EmfUrnttim  Klebs  1 

Emfitm  vtrwiiformii  Carter 

Bmjiem  irridir  Ebreaberg  2 

Bmtrtftk  Lmumi  S truer 
BmktpH s  tiriwi  Petty 
Emtrtftm  Pm 

Eutrtf+tlU  Du  Ctmho  98 

Lrfocmriu  mm  (Ehrewberg)  Carter 

Pkmnu  hupidmU  (Eichm.)  Lemm.  1 

Phmcut  fUnromecUi  (O.  F.  Muller)  Dujardin 
Pktau  tyrum  (Ebrenberg )  Stein  1 

Pkacut  (rignrtrr  ( Ebreaberg)  Dujardm  1 

TrmckeUmommt  nchlom  (Ebrenberg) 

Lemmenuarm  tec  Conrad 

True ktiomcnti  obmvt*  Stake*  em  DefUndrt  2 

Trmcktlcwumat  rotvofmm  Ebreaberg  2 

Trmthflomomsi  Ebrenberg  era  Dcflandre 


I 


1 


10 

1 

1 

1 

6  13 

1  44 

I 

lb 

2 


1 

i 


2 


10 

3 


Species 


rug  lentils  share  with  bacteria  the  digestion  of  ratned- 
dowu  organic  debris.  Perhaps  their  digestion  is  at 
an  intermediate  level  rather  than  at  the  initial  break¬ 
down  of  proteins,  fats,  and  carbohydrates.  Virtually 
none  of  them  hare  been  grown  in  quantity  in  axetue 
culture  on  chemically  defined  media,  but  at  least  eight 
species  grow  abundantly  in  organic  media  ii  ba  teria 
are  present. 

The  marine  genera  and  species  are  not  well  de¬ 
fined.  Many  marine  samples,  for  example,  yield  large 
numbers  of  uniflagellate  forms  which  are  apparently 
I'tfalomomu.  but  which  inter  grade  and  do  not  fit  any 
of  the  many  described  species.  There  also  seems  to 
he  much  dependence  on  microclimatic  factors.  Thus, 
wr  have  found  i  Wtisin  wru  Lackey  only  in  the 
W  Pond  at  Woods  Hole  although  a  sim’ir  organ 
i«m.  except  without  a  spine,  hat  beit  fioand  in  the 
turf  at  the  Scnppt  Intl.tulton  hathmg  beach  It  it 
tlill  imperfectly  known.  /Vlrfi>neiui  sf-tm i/cra  larkn 
Hat  hern  found  at  the  Nariagansett  Ma-nSe  1  a  hot  a 
lory  n(  !)••■  L'nivertity  of  Rhode  Island:  at  Drake’t 
Island,  Hvmouth.  England  .  and  in  the  surf  at  Scrippt 
It  it  always  m  thr  sand  between  tide  eievationt.  No 
ammM  of  hunting  in  similar  kcilnm  in  Florida  has 
provided  a  single  one  These  arc  interesting  species, 
because  if  see  knew  thr  mwnelitnatic  reason*  fm  their 
existence  m  a  particular  location  we  could  better 
attest  their  envinesmentsl  rotes. 

Many  of  the  tab  water  Kaagfenophytreae  are  alto 
found  m  fresh  water,  and  seem  k>  thrive  in  brackish 
water  This  ts  important  is  acnton*tng  for  their 


Table  i  Colorless  Fuglenophyceae  m  f  ur  estuaries 


.f  aui'Mcma  sp.  A  Ihi)  cm.  Stem  X 

.  Ituiwtw  *i>  B  Duj  cm.  Stem  X 

.fsuiw/ma  ip  C  Ihij  cm.  Stem 
.ItUMCW  nun/iiMld  Stukes  X 

.  I  »u.v.-«w  •tramir  m  ml 
.  Imtmt  m  an. 

.  t  su.no  rvi  afeorrooio  Skuja 

.fsuuwMa  o/e  h!rbt  X 

.fouewcow  funUnm  Stokct  X 

.  Iiu.iwmu  Irani ,>tnm  Stem 
,  »p  Duj  cm.  Sixth  X 

fitarw  kUhsu  f-rmov 

.  I  Harr  !.m«u  1‘ring.h-m)  X 

t  altmu  aero  lailry 
t  altmm  >(>  Iwckry 
(  aWit/t-i  mt'f-ilu  Maivsrt 

Dwbm  •/cu.-fr m  J'erty  X 

/Wm.'rt.rcb  Hkuja  X 


fiifiyw  pulnu 
Khbg  em  Progs 
/  i/an/t  s  .•‘/ipso  Kirht 
F.r  •■nfig  ng/ttffkr 

i  l»o)  1  Stem 

/  sl.-xifA.-o  -p  Slrm  X 

1  !,l.  r.ai  ma  4.  »>  i  Ehhg  ,  Sirsr.  X 
ileUr.-arrmn  tp  Ihjj  cm  Slrm 
iifl+mi-m*  teuCi  Klrht  X 

1/llot.  na  ip  KW-ht 

.Valaidmu  ctcicoynii  Stokct  X  X 

■V.- I.'f  iiii  .>fst/oru  Sl>4tt 


X 

X  X 
X 
X 
X 


X 

X  X 
X 
X 
X 
X 

X 

X  X 
X 

X 

X 

X  X 


X 

X  X 
X 

X  X 
X 


''*»'***>'*»  i&i 
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Table  3  (Continued) 


NotoioUmu 
ip.  Stake*  era.  Skuja 
Ptntomonaa  tfanifer  Lackey  X 

Ptnlamonaa  »p  Lackey 
Ptrantma  tuff  rum  Playfair 
P  front au  cuntahtm  Playfair  X 

Ptrantma  fronnlifmm  Penard 
Pcrontma  in /If mm  Skuja 
Ptrantma  tnckafkcmm 

(Ehb «.)  Stein  X  X 

Prranrmofixi  ttrialo  Lackey 
Pttaiomonas  able  uiu 
(Duj  )  Stein 
Ptlalomonaa  an  pasta 
(Klebsj  Lerom. 

Pttalomonat  connate  France 
Ptlalomtmaa  (fumnota 
(Stoke*)  Lcnmv 

Pttaiomonas  rxcarata  Skuja  X 

Pttaiomonas  mtdutc ant  Halo 

Stem  X 

Petalomonas  mira  v.  bicannata 
Skuja 

P  stale  Monas  fmdla  Skuja  X  X 

Pttaiomonas  it f inn  KW» 

Pttaiomonas  atriata  ill  rav 
Pttalom.  nos  truarmata  Skuja 
Plfotia  t-ihta  I>uj. 

PUotio  sp.  Duj. 

Pretosfit  glam  Skuja 
Scylomomu  fnsula  Stein  X 

Scytomumas  tp.  Stein  X 

Sfktnomonas  elongate  Lackey 
Sfktnomonas  gnadrongnlaris 
Stein 

Sfktntvmonai  Itrts 
i  Stein  >  Kleh* 

Triongnlomonos  ngtda  l -acker 


irofidoseyfkm  octocoilata 

Stem  X 

l’r<  reins  (yeloslonms  Suit*  X  X 

(  rctoJm  fan  ken  Kurschtkov  X 

I'reeoina  nsbnlotni  Stoke*  X  X 


X 


X 

X 

X 

X 

X 

X 


X 

X 

X 

X 

X 

X 

X 

X 

X 

X 


X 

X 

X 

X 


X 


X 

X 


X 

X 

X 


X 

X 

X 

X 

X 

X 

X 


X 


25  6  31  32 


number*  in  estuaries.  It  i*  noted  that  the  number  o( 
*  pec  to  in  \  '.real  South  Bay  i»  email  by  comparison. 
AH  the*e  sample*  mere  (rum  the  surface  and  there 
was  little  vertical  mixing.  Unless  bottom  material  i* 
included  m  a  sample,  very  few  of  the  color  Was  specie* 
will  be  found. 

I'nataprit  vctait 

"rhc  ic.-rcity  of  Chlornphyceae  in  salt  water  »*  par¬ 
tially  compensated  for  by  the  abundance  of  Chrrs- 
dphyceae  This  i*  not  sc  much  a  matter  of  numerous 
genera  i  Table  41  and  specie*,  a*  frequency  of  oc¬ 
currence  Homerer.  the  eery  small  sire  and  rapid 
mo* mv el  of  many  of  these  piankter*  make  dnitif.- 
cation  extremely  difficult  Another  deterrent  to  recog  • 
•utson  it  their  early  cytolrst*  after  being  centrifuged 


and  placed  on  a  slide.  Species  of  Ckrysotkromnlino 
Lackey  as  described  by  Parke  ft  ol.  ( 1955,  1956),  and 
Itockrysit  Pascher,  Slonotkrytit  Skuja.  and  Ptdmtllo 
Wyssotz  are  abundant,  but  they  need  a  high  magnifi¬ 
cation.  and  to  be  relatively  still,  to  be  identified. 
Most  of  them  cvtolizc  soon  after  becoming  quiet. 
The  blotch  of  color  they  leave  is  usually  enough  to 
indicate  that  the  remains  are  those  of  a  chrysophy- 
cean,  although  Rkodomonau  Karst en  and  Ckrcxmonos 
Hansgirg,  both  cryptomonads,  and  Maunriia-Kato- 
dini.im  Fott  rotundata  (  Lohmann )  Schiller  em  Loeb- 
lich,  a  dinoflagellate,  behave  similarly.  Olitikoditcut 
Intent  Carter,  a  common  larger  chrysophycean,  is  dif¬ 
ferent  from  its  published  description  and  figure  (Car¬ 
ter.  1938).  It  was  brought  into  tmialgal  culture  be¬ 
fore  it  was  identified  in  the  United  States.  Once 
identified,  many  of  these  small  species  exhibit  a  char¬ 
acteristic  movement,  or  gross  morphology,  which 
enables  recognition. 

In  the  Waccasassa  Estuary  studies  some  18  or  20 
species  of  Chry sophy ceae  were  found.  None  of  them 
occurred  as  500  or  more  per  ml  <  bloom),  and  scarcity, 
coupled  with  a  small  biomass,  indicated  relative  un¬ 
importance  for  the  group.  In  San  Diegu  Bay  in  1959 
there  were  nine  blooms  of  five  species.  Fourteen 
species  were  identified.  In  Great  South  Bay  in  1961. 
eleven  species  occurred.  Olutkodiscrx  was  found  in 
35  of  93  samplings,  four  times  in  bloom  numbers.  The 
highest  was  46.400  ml.  obviously  enough  to  affect  the 
environment.  The  remaining  species  of  Chrysophy- 
ceae  were  noted  in  56  of  94  samples.  This  included 
six  blooms ;  t!»e  occurrences  and  numbers  were  ample 
evidence  for  both  frequency  and  occurrence. 

The  Chrysophvceae  already  discussed  are  those  con¬ 
taining  pigment.  A  dense  unialga)  culture  of  Olistko- 
duent  is  almost  blown:  its  chromatophores  are  not 
ileeplv  colot  rd  as  are  the  green  ones  of  a  desmid  or 
a  P.ugUna  Other  Chrysophvceae  have  even  less  color 
— /hnobryon  Fhrenberg.  for  example,  is  very  pale. 
Thi*  (x»r*  an  interesting  question  as  to  the  efficiency 
of  chrysophycean  re-aeration :  i.e..  Oj  production  by 
C'hrysojihvceae.  as  compared  with.  say.  Entry fhtila. 

In  the  colored  Oiry tophycear,  volutin  granules  are 
usually  conspicuous  in  the  ceil,  but  starch  is  not  pro¬ 
duce*!.  These  reserve  substances  have  had  too  little 
attention  from  biochemists  for  us  to  know  their  role 

Table  4.  Genera  of  Oir*  sonxmad*  noted  in  the  estu¬ 
aries  >'.udied. 

1  frvl.’lru  Rumen  II.  VsUmmsi  Pvrty 

2  t  kromnlma  Cienkowski  12  tlm not  (Grafc. )  beau 

3  t  kr-i*M*.vfw  Ktebs  11  Uomntkrytil  Skuja 

4  ikntara  kmaon  14.  Otkramamot  W  sotrkl 

Pascher  15  Oviwmiui  (Ehbg  i  Kent 

5  (  knnUiu  Schdlrr  16  PrdmtUa  Wyscwotr 

6  Ckntmkremmhma  17  Petrnot  kromemai 

lackey  Sc  her  fir  I 

7  (  lni.VMru  l  Arts*  IX  Pu-mdofrdmrUa  Carter 

X  (  bu.<frni  Pascher  I*  ivmamti  Stoke* 

t  f)w.4rr«  Khtw  20  Sttmotadtm  Paactarr 

10  Krfkrntm  PsvW 
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Table  5.  Numbers  per  ml  of  pigmented  Cryp- 
tophycaea  found  once  each  week  during  an  eight- 
week  study  of  Great  South  Bay,  Long  Island,  New 
York.  The  thirteen  stations  were  scattered  the  length 
and  breadth  of  the  bay.  The  blanks  indicate  no  sam¬ 
ples  were  taken. 


Station 

Weeks 

1 

2 

3 

4 

5 

6 

7 

8 

1 

280 

06 

25 

416 

751 

51 

810 

2 

936 

0 

468 

1300 

336 

224 

313 

206 

3a 

88 

8 

1672 

1312 

350 

64 

248 

144 

4 

160 

164 

224 

280 

140 

5 

586 

540 

280 

236 

600 

192 

472 

246 

6 

64 

1900 

2708 

125  10476 

7830 

3040 

28 

7 

222 

2333 

816 

240 

600 

16 

204 

500 

8 

242 

28 

488 

248 

69 

9 

260 

16 

144 

244 

96 

160 

248 

170 

10 

88 

46 

32 

52 

13 

8 

50 

11 

100 

120 

112 

32 

48 

24 

48 

12 

84 

198 

352 

64 

396 

50 

94 

13 

80 

300 

380 

780 

388 

176 

80 

480 

in  estuarine  ecology.  Presumably,  when  a  Chryso- 
chromulina  is  eaten  by  a  Euplotes  Ehrenberg,  its 
volutin  is  digested ;  but  there  is  little  evidence,  pos¬ 
sibly  because  so  few  Chrysophyceae  have  been  grown 
in  mass  culture. 

Chrysophyceae  without  pigment  are  often  regarded 
as  an  uncertain  taxonomic  group.  Hollande  (1952), 
considering  129  possible  genera  of  Chrysophyceae,  re¬ 
corded  17  colorless  genera.  Three  of  these,  Oicomonas 
(Ehrenberg)  Kent,  Monas  (Cienkowski)  Sern,  and 
Paraphysomonas  vestita  Stokes,  have  been  common  to 
estuarine  situations.  Since  all  three  are  prime  con¬ 
sumers  of  bacteria,  and  because  they  sometimes  at¬ 
tain  large  numbers,  they  might  have  an  important 
role  in  estuarine  ecology.  The  Fenholloway  Estuary- 
on  February  10,  1964,  contained  2,656  Monas  sp.  per 
ml,  48  Bodo  Stern  sp.  per  ml,  200  unidentified  flagel¬ 
lates  per  ml,  and  32  Paraphysomonas  rest i la  per  nil. 
Th's  was  in  an  area  strongly  polluted  with  paper  mill 
waste  and  with  a  dense  bacterial  population,  on  which 
these  colorless  flagellates  were  actively  feeding. 

Crvitophyceae 

Cryptophyceae  seem  to  lie  the  most  ubiquitous  of 
all  the  plankters.  The  numlier  of  genera  and  species 
is  small — Pascher  ( 1913)  lists  seven  genera  and  18 
s|iecies  in  fresh  water.  Occurrence  in  waters  we  have 
examined  is  widespread,  and  the  organisms  abundant. 
Table  5  shows  the  numbers  of  pigmented  Cryptophy- 
ceae  at  13  Great  South  Hay  stations,  sampled  once 
weekly  during  July  and  August,  1961.  Nineteen  times 
they  were  in  excess  of  500  nil  ( bloom ) ,  and  were 
missing  in  only  one  of  94  samples.  Stations  10,  11, 
and  i2  showed  the  fewest,  and  these  stations  were 
the  greatest  distance  from  human  habitation.  These 
three  stations  were  consistently  lowest  in  coliform 
bacteria,  which  are  regarded  as  indicators  of  fecal 
contamination.  Evidently  the  numbers  of  Cryptophy¬ 
ceae  were  a  response  either  to  man's  contribution  of 
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NOs  and  P()4,  or  to  some  other  animal  contribution, 
possibly  an  organic  one.  Nitrates  varied  from  0.0 
ppm,  at  Stations  11  and  12  in  the  first  week,  to  0.08 
ppm,  and  phosphates  from  0.040  to  0.110  ppni.  This 
is  a  high  content  for  each  of  these,  but  is  far  from 
an  N/P  ratio  of  10:1. 

( hilomonas  paramccium  Ehrenberg  occurs  spar¬ 
ingly,  if  at  all,  in  salt  water,  but  C.  marina  Braarud 
is  common  to  the  open  ocean  and  to  estuaries.  Dur¬ 
ing  the  same  period,  and  at  the  same  Great  South  Bay 
stations  referred  to  in  Table  5,  it  occurred  in  all 
but  ten  samplings,  and  twice  in  numbers  exceeding 
500/ml.  This  colorless  member  is  saprozoic.  The  in¬ 
ference  is  that  it  uses  soluble  organic  substances. 
Cryptophyceae  do  not  elaborate  starch,  and  again 
either  liberate  volutin  and  other  non-starch  carbo¬ 
hydrates  to  the  environment,  or  to  predators  who 
digest  them. 

The  common  genera  of  Cryptophyceae  are  Chro- 
omonas,  Cryptomonas  Ehrenberg,  Rhodomonas,  Chi- 
lomonas  Ehrenberg,  and  Cyathomonas  Fromentel. 
The  last  is  normally  a  bottom  dweller,  and  often  not 
seen  in  plankton  samples,  or  only  sparingly.  All  five 
genera  were  found  at  Plymouth  and  in  San  Diego 
Bay.  In  the  YVaccasassa  Estuary,  11  species,  includ¬ 
ing  all  these  genera,  were  very  common  in  1963. 
Nevertheless,  they  were  few  in  numbers  per  ml  there, 
and  it  was  concluded  that  they  were  relatively  unim¬ 
portant  in  the  ecology  of  the  estuary.  It  must  be 
noted  that  the  wide  distribution  of  this  group  is  an 
assurance  of  great  numbers  of  them  when  conditions 
become  favorable. 

Dinoflagei.i.ata 

There  are  pronounced  differences  between  estuarine 
dinoflagellates  and  those  of  the  open  sea.  The  latter 
are  more  disposed  to  unusual  morphology  which 
makes  them  easy  to  identify,  to  a  larger  size,  and  to 
multiplicity  of  species.  Estuarine  species  tend  to 
small  sizes,  to  a  generally  ovoid  shape,  and  to  fre¬ 
quent  localized  blooms.  Nevertheless,  a  concentra¬ 
tion  of  nutrients  is  necessary  for  large  populations. 
The  only  one  to  bloom  in  a  year’s  study  of  the  Wac- 
casassa  Estuary  was  the  very  small  Massartia  rotun- 
data,  and  this  estuary  is  regarded  as  low  in  nutrients. 
Table  6  is  a  listing  of  the  identified  species  from  five 
estuarine  waters.  Most  of  them  have  photosynthetic 
pigments,  but  about  one-fourth  are  liolozon  or  sapro¬ 
zoic.  It  is  noteworthy  that  the  Mounts  which  appear 
from  time  to  time  are  almost  invariably  pigmented 
forms.  Several  species  which  have  given  rise  to 
blooms  elsewhere  are  listed  in  Table  6:  Proroccntrum 
Iriant/ulatuin  Martin,  a  cause  of  dense  blooms  in 
Great  South  Bay  and  Chesapeake  Bay:  Gymnodinium 
splcndcns  Lehour,  likewise  in  Great  South  Bay;  and 
Ccratium  furca  Ehrenberg  (Claparede  and  Lach- 
mann),  in  several  places.  The  only  Jinoflagellate 
blooms  in  San  Diego  Bay  or  Mission  Bay  during 
this  study  were  of  Gymnodinium  ft  arum  Kofoid  and 
Swezy;  ( I-ackey  and  Clendenning,  1963)  and  Proto- 
dinium  simpiicius  Braarud. 
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Table  6.  Occurrence  of  Dinoflagellates  in  five 
estuarine  situations. 


Table  6  (Continued) 


Organisms 


m  3  5 

.51  c  2  s  $ 

Q  .2  2  5 

e*  R  *  *  ►>  £  2  ►» 

iflaa  2ts  ?«  C  w* 


AmpJiidimum  fri'prj  C.  K.  Hcrdniann 
crassum  Lohmann 

Amphidinium  cucurbita  Kofoid  ft  Swezy 
Amphidinium  klebsii  K.  &  S. 

Amphidinium  operculatutn 
Claparcdc  &  Lachmann 
Amphidinium  ovum  C.E.H. 

Amphidinium  parva  in  ms. 

Amphtdinium  rhynco^epholum  Anissimowa 
Amphidinium  scissoidcs  Lebour 
Amphidinium  scutum  K.  ft  S. 

Amphidinium  stiamatum  Schiller 
Amphidinium  sulcatum  Kofoid 
Amphidinium  tejtudo  C.E.H. 
s4m/>/iiciintum  vtgrense  Woloszynski 
Amphidinium  vitreum  C.E.H. 

Amphidinium  sp.  Clap.  &  Lach. 

Oraftum  falcatiforme  Jorgensen 
C eratium  furca  (Ehbg.)  Clap.  &  I-ach. 
Ccratium  fusus  Ehbg. 

(.  cratium  longtpes  (Hailey)  Gran 

Ccratium  minutum  Jorg. 

Ceratium  tripos  O.  F.  Muller 
Cermium  spp.  Schrank 
Cochlodinium  catenatum  Okamura 
Cochlodinium  pulchcllum  Lebour 
Dinophysis  forti  Pavillai  ' 

Dinophysis  norvegica  Clap,  &  Lach. 
Dinophysis  ovum  Schutt 
Dinophysis  tripos  Gourret 
Diplopcltops  s  minor  Lebour 

Diplopsalis  lenticula  Bergh 
Diplopsalopsis  orbicularis  (Paulsen) 
Entomosigma  peridiniodcs  Schiller 
Erythropsis  sp.  Hertwig 
Exuviaclla  dcclylus  (Stein)  Schutt 
Exuviaclla  marina  Cicnk. 

Exuriaclla  vaginula  (Stein)  Schutt 
Exuviaclla  sp.  Cienk. 

Fragilidium  hctcrolobum  Balech 
Glcnodinium  gymnodinium  Penard 

Glcnodinium  lenticula  (Bergh)  Schiller 
Glcnodinium  oculatum  Stein 
Goniodoma  sp.  Stein 
Gonyaulax  catenato  (Levander)  Kofoid 
Gonyaulax  dicqcncsis  Kofoid 
Gonyaulax  digitalis  (Pouchet)  Kofoid 
t,on\aulax  polyedra  Stein 
(rOn>(J«/ti.r  polygramana  Stein 
Gon  y aulax  senppsae  Kofoid 
Gonyaulax  tamarensis  Lebour 

Gonyaulax  triccantha  Jorg. 

(j'y>«y«iu/fl.t  sp.  Dicsing 

Gym  nodin  mm  acruginosum  Stein 

(i  VmiiadiMium  alba  in  ms. 

(/.vmNodtnit'm  albutum  Lindemann 
(i.vntnoJiNiNm  aureum  K.  &  S. 
G.vmmxfimnm  htronimm  Schiller 
(r.vmnodpniMm  fiavum  K.  ft  S. 

(>  ymnorfiftium  fuscutn  (Ehbg.)  Stein 
(i.vnmtxfmiKm  grammaticum 
(Poucher)  K.  ft  S. 


Gymnodinium 

Gymnodinium 

Gymnodinium 

Gymnodinium 

Gymnodinium 

G  ym  nodi  mum 
(/ymnodimum 
Gymnodinium 
G  ymnodinium 
Gymnodinium 


helieoides  X.  \  S. 
hetcrosiriatum  K.  &  S. 
febouri  Pay. 
lunula  Schutt 
minor  Lebour 
minn/um  Lebour 
par  ado  sum  Schilling 
puniceum  K  ft  S. 
ravenescens  K.  ft  S. 
simplex  ilxihm.)  K  it  S. 


CymnodimVm  splendcns  labour 
GymnodiniMm  uberrimum 
m  (Allman)  K.  ft  S. 

Gymnodinium  variable  C.E.H. 
(#\ymnodiMium  »p.  Stein 
Cvrodinium  adiromefirum 
(Lebour)  K.  ft  S. 

Gyrodinium  aureum  Conrad  (Schiller) 
Gyrodmium  contortum  (Schutt)  K.  ft  S. 


Organisms 


Gyrodinium  corallinum  K.  ft  S. 
Gyrodintum  fakatum  K.  ft  S. 

Gyrodinium  lochryma  (Metmlcr)  K.  ft  S. 
Gyrodinium  pingue  (Schutt)  K.  ft  S. 
Gyrodinium  sp.  K.  ft  S. 

Hemidinium  nasutum  Stein 
Heterodimum  sn.  Kofoid 
Massartio  glanaula  (C.E.H.)  Schiller 
Massartia  glauca  (Lebour)  Schiller 
Massartia  rotundata  (Lohni)  Schiller 

Massartia  sp.  Conrad 
Miniscula  bipcs  Lebour 
Oxyrrbis  marina  Senn 
Oxytoxum  belaicae  Meunicr 
Oxytoxum  cribrosum  Stein 
Oxytoxum  deprestum  Schiller 
Oxytoxum  gracile  Schiller 
Oxytoxum  milneri  Murray  ft  Whitting 
Oxytoxum  sp.  Stein 
P eridiniopsis  rotunda  Lebour 

Peridinium  ccrasus  Paulsen 
Peridinium  claudicans  Paulsen 
Peridinium  depressnm  Bailey 
Peridinium  diabolus  Cleve 
Peridinium  divergent  Ehbg. 

Peridinium  macrospinum  Mangin 
Peridinium  monospinosum  Paulsen 
Peridinium  mifUMCti/Mm  Pav. 

Peridinium  Ganii  F.  mire  (Pavillard) 
Peridinium  pellucidum  (Bergh)  Schutt 

Peridinium  pentogcmtkm  Gran 
Peridinium  quJUmag^  Stein 
Peridinium  subirfCTme  Paulsen 
Peridinium  * rochoideum  (Stein)  Lemm 
Peridinium  triquetrum  (Ehbg.)  labour 
Peridinium  witLoniensis  Eddy 
Peridinium  sp.  Ehbg. 

Phalacroma  centum  (Schutt)  Pav. 
Phalacroma  mitra  Schutt 
Phalacroma  ovum  Schutt 

Phalacroma  rotv.ndatum 

(Clap,  ft  Lach)  Kofoid  ft  Michener 
Podoiampas  palmipes  Stein 
Polykrikos  laboun  C.E.H. 

Polykridos  sekwartzii  Butschli 
Pouchetta  maxima  K.  ft  S. 

Pouchetta  polyphemus  Pouchet 
Pronoctiluca  pelagica  Fabre-Domergue 
Proroccntrum  gracile  Schutt 
Proroccntrum  micciw  Ehbg. 

Proroccntrum  triangulatum  Martin 
Protodinium  balticum  Braruud 
Protodinium  simplicint  Schiller 
Protodinium  sp.  Lohmann  cm  Schiller 
Pyrodinium  bohomiense  Plate 
S/nrodiwinm  sp.  Paulsen 
Thecadinium  kofoidi  labour 
Torodinium  robust um  K.  ft  S. 

Warnoivia  polyphemus  (Pouchet)  Schiller 


.8* 
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In  the  1959  San  Diego  Bay  studies,  99  genera  and 
species  were  found.  Only  54  of  these  occurred  in  the 
bay  proper.  The  following  year,  24  additional  ones 
were  found  in  Mission  Bay.  Similar  additional  lists 
and  a  portion  of  previous  lists  could  be  made  up  for 
most  new  localities,  if  sampled  extensively.  The  large 
number  of  species  (135)  in  Table  6  is  not  evidence 
that  dinoflagellates  dominate  estuarine  situations,  but 
merely  that  they  are  the  second  largest  group  in  num¬ 
ber  of  species.  Actually,  we  have  found  ofTs.norc 
dinoflagellate  blooms  more  common  than  those  in¬ 
shore  or  in  estuaries  we  have  studied.  Nevertheless, 
their  roles  are  disturbing.  The  killing  of  any  and  all 
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animals  by  GymnodixiK.n  breve  Davis  (  Gunter  el  al., 
1948)  in  the  waters  around  Trinidad,  along  the  Mexi¬ 
can  Coast  near  Vera  Crus,  and  along  the  Florida 
Gulf  Coast  is  a  major  effect.  Gonyaulax  catenella 
(Levander)  Kofoid  is  a  food  for  California  mussels 
(probably),  but  it  leaves  behind  in  the  mussel  tissues 
a  toxin  lethal  to  man  (Sommer  el  al.,  1937) ;  and 
Gymnodinium  flovum  is  now  reported  as  a  probable 
fish  killer  (Lackey  and  Clendenning,  1963).  There 
is  no  control  at  present  for  these  organisms,  and, 
since  there  are  other  dinoflagellates  which  might  have 
similar  effects,  they  pose  real  problems.  Fortunately, 
they  are  amenable  to  laboratory  culture  (Barker, 
1935;  Delany,  1946,;  Sommer  el  al.,  1937),  so  their 
problems  can  be  studied. 

In  large  numbers,  they  may  completely  deplete  the 
surrounding  waters  of  P04.  Lemon  Bay,  Florida,  is 
an  estuarine  situation  in  that  it  receives  the  runoff 
of  several  small  creeks.  On  June  18  and  19,  1964, 
samples  of  a  bloom  in  the  bay  were  counted ;  the  water 
was  centrifuged  free  of  suspended  organisms  and  par¬ 
ticles;  and  soluble  P04  and  N03  were  analyzed.  Fol¬ 
lowing  are  the  tesults  for  four  samplings : 


Date 

Sample 

No./liter 

P04 

(ppm) 

NOs 

(ppm) 

6-18 

1011 

4,814,000 

0.0 

0.507 

6-18 

1013 

3,230,000 

0.0 

0.541 

6-18 

1015 

212,000 

0.011 

0.188 

6-19 

1031 

580,000 

0.011 

0.217 

The  P04  loss  is  understandable,  but  the  high  nitrogen 
values  are  not,  unless  they  represent  a  nitrogenous 
metabolite  excreted  by  the  dinoflagellate.  Gymno¬ 
dinium  brei'c  does  not  kill  plants  or  other  micro¬ 
organisms,  but  its  high  numbers  are  coincident  with 
a  reduction  of  other  microscopic  species.  On  Janu¬ 
ary  6,  1954,  in  the  presence  of  240,000/1  Gymnodinium 
breve,  there  were  present  4  species  of  other  dinoflagel¬ 
lates,  18  diatoms,  1  blue-green  alga,  2  chrysomonads, 
and  2  ciliates.  These  outnumbered  Gymnodinium 
brei’c  by  32,750/1,  but  this  is  a  much  smaller  number 
of  species  and  individuals  than  is  usually  found  in  a 
liter  of  such  waters.  How  long  the  P04  remains  de¬ 
pleted  from  Gymnodinium  brez'e  water  is  not  known 
and  is  dependent  on  many  factors,  but  it  is  serious 
for  photosynthetic  forms  as  long  as  it  lasts. 

Bacili.akieae 

Diatoms  are  considered  elsewhere  in  this  volume 
and  will  therefore  receive  scant  attention  here.  Suffice 
it  to  say  that  in  the  estuarine  situations  studied, 
benthic  diatoms  far  outnumliered  plankton  forms,  and 
that,  in  most  cases,  they  constituted  a  large  percent¬ 
age  of  the  organisms  present.  1  his  is  not  a  generali¬ 
zation,  however,  because  Delonula  (Cleve)  Gran  was 
at  times  abundant  in  Great  South  Bay,  and  Cyclotella 
Brebisson  attains  high  numbers  at  inshore  situation*, 
especially  the  mouths  of  rivers.  Diatoms  are  im|»or- 


tant  in  02  production,  in  the  food  chain,  and  in  some 
other  respects. 

Chloromonadida 

There  is  little  available  information  relative  to 
estuarine  chloromonads.  Gonyostomum  Diesing  and 
Merotrichia  Mereschowski  do  not  survive  long  in 
brackish  water.  Trentonia  Stokes  is  rarely  seen,  but 
is  abundant  in  Warm  Mineral  Springs  and  in  brack¬ 
ish  water  along  the  Inland  Waterway  of  Florida. 
The  organism  is  typical  and  easily  recognized,  and  is 
not  Vaeuolaria  Cienkowski,  as  sugp  ted  by  Hollande 
(1952).  Thaumatomastix  Lauterborn  and  Reckertia 
Conrad,  both  doubtful  as  to  taxonomic  location,  occur 
in  estuaries,  and  there  are  several  somewhat  similar 
unidentified  organisms  which  eventually  may  be  placed 
here.  The  whole  group  needs  very  careful  investiga¬ 
tion,  but  their  numbers  in  estuaries  have  not,  thus 
far,  been  great. 

PROTOZOA 

Minor  Groups 

If  we  follow  Grasse,  there  are  three  groups  of  ani¬ 
mals,  primarily  marine,  some  with  chromatophores, 
and  relatively  few  genera,  which  have  not  been  thus 
far  considered.  These  are  the  Ebridiens,  Silicoflagel- 
lides,  and  Coccolithophorides.  The  first,  with  two 
genera,  Ebria  Borgert  and  Hermesinum  Zacharias, 
is  encountered  only  occasionally  in  the  estuaries  we 
have  studied ;  and  the  second,  with  the  genus  Dic- 
tyocha  Ehrenberg,  is  even  less  common.  Coccolitho- 
phora  are  more  frequent,  Syracosphaera  carterae 
Braarud  and  Fager  being  the  principal  brackish-water 
species  in  these  studies.  No  blooms  appeared  in  the 
situations  studied,  but  a  very  dense  bloom  appeared 
in  a  large  outdoor  laboratory  tank.  Huge  populations 
of  Coccolithophora  like  those  known  in  the  Oslo 
Fjord  may  not  be  typical  estuarine  phenomena. 

ZOOFLAGELLATA 

Three  Orders  of  free-living  zooflagellates  are  Cho- 
anoflagellata,  with  23  genera ;  Bicoecidea,  with  five 
genera  plus  a  sixth  doubtful  one;  and  Bodonidea, 
with  17  genera.  Choanoflagellata  are  principally 
planktonic,  Bicoecidea  are  epiphytic  or  sessile,  and 
Bodonidea  are  creeping.  About  half  the  genera  from 
each  Order  have  been  found  in  brackish  water. 

Many  of  them  are  abundant,  and  they  are  voracious 
eaters  of  bacteria.  They  also,  like  Monas  (Ehren¬ 
berg)  Stein  and  Oicomonas  S.  Kent,  are  active  at 
lowered  oxygen  levelr..  This  makes  them  important 
in  recently  polluted  waters.  However,  no  bloom  of 
any  single  species  has  been  recorded  in  the  estuaries 
studied.  It  is  the  cumulative  effect  of  some  25  genera 
living  at  approximately  the  same  physiological  level 
which  becomes  impoitant.  Earlier,  for  example,  a 
summary  of  2,936  small  colorless  flagellates  per  ml 
in  water  from  the  Fenholloway  Estuary  was  pre¬ 
sented.  The  unidentified  group  of  200  were  almost 
certainly  predominantly  Pleridomonas  pulex  Penard, 
difficult  to  classify  if  in  preserved  material  or  while 
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Table  7.  Ciliata  recorded  from  five  estuarine  situ¬ 
ations.  X  indicates  presence,  numbers  indicate  how 
many  times  recorded.  P  is  a  plankton  sample,  S  a 
sediment,  PS  is  no  separation. 
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Table  7  (Continued) 


No.  Samples 
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/fepyrio  reesi  (Rees)  Kahl 
Amphitia  multiset  a  Sterki 
Amphisxa  sp.  Stcrki 
Amp  hotel  fopsti  acuta  (SchmidtJ 
Ampkorellopsis  sp.  Kofoid  A  Campbell 
Ampkorellopsis  tetragona  (Jorgensen) 
Arachnella  globosa  Kent 
Askenasia  faurti  Kahl 
Askenasia  volvox  Clap,  and  Lach. 
Asptdisca  costota  (Duj)  Clap.  A  Lach. 

Aspidisca  hexeris  Quennerstedt 
Asptdisca  leptaspis  Fresenius 
Aspidisca  lynceus  Ehbg. 

Aspidisca  polystyla  Stein 
Aspidisca  pulckcrrima  Kahl 
Aspidisca  turrita  Ehbg. 

Aspidisca  sp.  Ehbg. 

Bursaria  truncatella  O.F.M. 

(  haenca  mittor  Kahl 
Chilodonclla  uncinato  Ehbg. 

Chilodonclla  sp.  Strand 
Chilodontopsis  caudata  Blocbmann 
Chlamydodon  triquetrus  (O.F.M.) 
Cinetochilum  margaritacenm  Perty 
Cinetochilum  mannum  Kahl 
Codonelia  cratera  (Lcidy)  Vorce  X 

Codonclla  sp.  Haeckel 
(E.  M.  Brandt,  cm.  Jorg.) 

Coleps  hirtus  Nitzsch 

Coleps  pulcher  Spiegel 

Coleps  remanei  Kahl  X 

Coleps  sp.  Nitzsch  X 

Colpoda  infiata  (Stokes) 

Condylostoma  patens  (O.F.M  )  Duj. 
Cothurnia  plcctostyia  Stokes 
C'ofkarnio  sp.  Ehbg. 

Coxliella  quadrisulcata 
(Daday)  Brandt 
Cristigera  media  Kahl 
Cristigera  minor  Penard  X 

Cristigera  phoenix  Penard 
CyrtoJophosis  mucicola  Stokes 

t*>*  'idium  candens  Kahl 

Cyclidinm  glaucoma  O.F.M.  X 

Cycltdium  saltans  in  ms. 

Cyclidinm  sp.  O.F.M. 

Cyclotrickium  meuneri  Calkins 
C.vr/otniefciMP*  gigas  Faure-Fremic-t 
Dirfifttitm  HozMtwm  O.F.M. 

Dicphrys  appendiculoria  (Ehbg.)  Duj. 
Diopkrys  scutum  Duj. 

Diopkrys  sp.  Duj. 

Drepauomouas  revoluta  Penard 
Hysteria  aculrato  Clap.  A  Lach. 

Hysteria  sp.  Huxley 
Enchelyodou  fare* us  Clap.  A  Lach. 
Bucket yodon  lasius  Stokes 
£piY/inffj  smbxguus 
(Muller)  Butschit 
Eupiotes  her  fa  Stein 
Euphtes  l  annwj  (O  F  M.)  Griffin  X 
Eupiotes  sp.  Ehbg. 

Favella  confessa  Kofoid  A  Campbell 

Favella  frauciscanus  K  A  E.  X 

Favella  markusovy  (Daday)  Jorg. 
Favelta  panamenxis  K.  A  C. 

Froutoma  teucas  Ehtg. 

Front  onto  manna  Fabre-Domergue 
<# eleia  f estate  Kahl 
Glaucoma  scinitllans  Eh  be. 

Gruberia  uuinucletda  Kahl 
Halteria  graudmetla  O.F.M. 

H  ehcostomella  edentate 
FaureFrem.  etn  K.  A  C. 


£  U 


No.  Samples 


H ehcostomella  kiliensis 
(Laackman)  Jorg. 
h  emicyclidium  sp. 

Nanncphrya  truncate  Kahl 
Holophrya  manna  Mansfield 
Hobphrva  sp.  Ehbg. 

Holosticka  discocepkalns  Kahl 
Holosticka  multistifiata  Kahl 
Holosticka  sp.  Kahl 
Kcmtrophoros  fasciolata  Saver brey 
Keronopsis  flavicans  Kahl 
Laboea  sp  Lohmann 

Lacrymaria  oloi  O.F.M. 

Lacrymana  pupula  O.F.M. 
Lagynunus  Pumilio  Mansfield 
Lembadion  butlinum  Perty 
Lembus  tnfusionum  Calkins 
Lembus  pusillus  Quennerstedt 
Lionotus  cygnus  O.F.M. 

Lionotus  fasciolata 
Ehbg- W  rzeseniowski 
Lionot  s  sp.  Stokes 
Loxophyllnm  undulatum  Sauerbrey 

Loxophyllum  uninuclcatum  Kahl 
Mesodinium  acarns  Stein 
Mesodinium  cinctnm  Calkins 
Mesodinium  pule*  Clap.  A  Lach. 
Mesodinium  rubrum  Loom. 
Metacystis  truncate  Cohn 
Metopus  et  O.F.M. 

Microthorax  pusillus  Engebnann 
Microthorax  sulcata  Engclm. 
Monodinium  balbiani  Fab. -Dorn. 

Hassula  aure u  Ehbg. 

Ophrydinm  sp.  Kent 
Opisthonecta  henneguyi  Faure  Frem. 
Oxytricka  f alias  St  ^n 
Oxytricka  pelionella  Calkins 
Oxytricka  sp.  Wrzesn. 

Paramecium  sp.  Hill 
Peritromus  californieus  Kiroy 
Peritromus  emmet  Stein 
Ptacus  lunar  Kahl 

Placus  st  rust  us  Cohn 
Pleuronema  eras  sum  Duj. 
Plcuronema  mannum  Duj. 

Prorodon  morgani  Kahl 
Prorodon  $p.  Ehbg. 

Protoerncia  pi  gemma 
(Cohn)  Da  Ctrnha 
Remanella  brunnea  Kahl 
Remanella  margaritifera  Kahl 
Remanella  rugose  Kahl 
Spathidinm  froccrum  Kahl 

Stenosemella  nivalis 
(Meunicr)  em.  K.  A  C, 
Stepkanopogon  colpoda  Ent* 
Stephanopogon  mesmli  Lwoff 
.VlrohUidittNt  MhsMM  Faure  Frem. 
Strobilidium  sp.  Schewiakoff 
Stronh^MM  n«d«M  Kahl 
Stromtndium  comucopiae  (Wailca) 
Strombidium  lageuela  Faure  Frem. 
^frambt^iwm  pulckorum  Leegaard 
.YfromMrfiam  sulcata  Clap.  A  Lack. 

Strombtdium  sp.  Clap.  A  Lach. 
.Srroapyit^iNm  sp.  Sterki 
Tacky  soma pelionella 
(Muller  Stein)  Stokes 
Telostoma  ferroi  R.  A  L.  Granadori 
Tet  rah ymena  in.  Furgaaoo 
Tiarina  fuses  Clap.  A  l^ach. 
TinJtiifudiam  flmvtatile  (Stein)  Kent 
7islis«4iHn  fnmshtvM  Busch 
rinliNMidtwm  irmuifialam 
(Sterki)  Kent 
Tinhnuofsu  beraidea  Stein 

T int%nn»fris  bermudeusis  Brandt 
Tiniinnefsu  buisckJti  Daday 
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estuaries:  microbiota 


Table  7  (Cotumi.ed) 
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No.  Sampl« 


Tiutinnapais  comprtssa  D»d*y 
Tinsintsopsu  rvrrta  K.  ft  C. 
Tiulinnaptis  fmhriatk  M  punier 

TitUiunoptis  liadsni  Dadar 
TinUnnapsis  minula  Wailea 
TmUmnep sis  pUtnuis 
Cunba  ft  Fonacca 
Tintiw—ftu  pr  owner  ki 
Farix  ft  Cunba 
Tintinaaptit  sekatfi  Brandt 

Tintimupiii  sabacata  lor*. 
TiaSiaaoptu  iabaiosa  Levaiuirr 
Tinrimw/nr  ■  raigtr 
(Enu,  Sr.)  Oaday 
Tintinncpsii  m  raata  Mrumer 
Tiarianayru  app. 

( Stein  cm.  Brandt)  em.  Jorf . 
Tintianas  prcliais  K.  ft  C. 
fiabaaiu  Inn  K.  ft  C. 

Tiabaan  ap.  Scbrank  em  Jurg 
Trackeloctrca  palm  Kahl 
Trackeloctrca  coluber  Kahl 

T racketocerca  pkoraicopterus  Cohn 
Trackeloctrca  ap.  Eh  be. 
Trackeiostyla  candela  Kahl 
Trackeiostyla  pedicaliforemis  (Cohn) 
T rickopelau  spkagne forum 
(Levander) 

Trickobelata  torperu  Kahl 
T rocktlia  favialilis  Smith 
Trockilia  salina  Entc 
II  role  plus  piscis  (Muller)  Stein 
V roleptas  ap.  Stein 

Urourma  filiftam  Kahl 
I/nanra  marinum  Dui. 

Uroayckia  snip  era  CaUcina 
Uroayckia  traasfaga  (O.F.M.) 
Urostroagylam  caadotam  Kahl 
Vrotricka  fascia  Clap  ft  fa  eh 
Uroiricko  marina  Manafield 
Vrotricka  ap.  Clap  ft  I-ach. 
y orticella  microstoma  Ehbg. 
yortictUa  ap.  (I  iun.)  Ehbf 
Zootkamaiam  (ltory)  Ehbf.-Stetn 
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swimming.  Some  workers  regard  this  species  as  a 
stage  of  a  heliozoan  ;  others,  as  a  zooflagellate.  There 
are  at  least  three  widely  separated  colorless  flagellates 
in  this  group,  but  direct  microscopic  observation 
shows  all  of  them  to  lie  active  ingesters  of  bacteria, 
thus,  closely  akin  physiologically. 

Edmondson  ( 1959)  loosely  grouped  90  genera  un¬ 
der  “zuoflagellates".  Thirty-five  of  these  have  been 
found  in  the  estuaries  studied,  and  closer  taxonomic 
attention  would  increase  the  number.  For  example, 
there  are  two  undescribed  organisms  tentatively  as¬ 
signed  to  the  genus  I’lcuromomis .  various  other  new 
ones  have  simply  been  termed  unidentified  zooflagel- 
lates.  Some,  such  as  Difhanotca  Kllis  and  Slefht i- 
noera  Kllis,  we  have  found  only  in  estuaries.  The 
colorless  flagellates,  regardless  of  taxonomic  status, 
are  important  in  estuaries,  primarily  as  holozoites. 

Ciliata 

More  ciliates  were  identified  in  the  estuarine  stud¬ 
ies  than  any  other  group.  Table  7  lists  181.  and  a 


number  which  could  not  be  placed  are,  therefore, 
either  given  provisional  names  or  listed  simply  as 
“sp”.  Distinctly  planktonic  occurrences,  as  shown  in 
columns  1  and  5  of  Table  7,  are  not  numerous,  and 
are  principally  tintinnids  which  live  in  a  shell,  and 
strombidia  which  typically  do  not.  The  two  blooms 
in  San  Diego  Bay  were  of  Glaucoma  scintillans 
Ehrenberg  and  Mcsodinium  rubrum.  There  are  other 
rejiorts  of  Mcsodinium  rubrum  being  a  cause  of  “red 
water”,  but  we  have  seen  no  records  of  other  ciliates 
as  bloom  causers.  Personal  records  include  blooms  of 
vorticellids  in  sewage  treatment  plant  effluents,  and 
in  the  Damariscotta  River  of  Maine.  This  last  (for 
which  the  original  count  is  lost)  was  material  sent 
on  August  20,  1953.  Evidently  ciliate  blooms  are 
rare. 

Ciliates  are  large  and  easy  to  identify,  which  ac¬ 
counts  for  the  large  number  in  Table  7.  Their  size 
makes  them  important  in  the  ecology  of  an  estuary. 
They  are  primarily  bacterial  consumers,  and  are 
found  in  the  sediment-water  interface  where  bacteria 
are  abundant.  Euplolcs  demonstrably  consumes  sulfur 
bacteria,  and  observation  of  many  other  ciliates  is 
equally  convincing  as  to  their  food.  In  consuming 
bacteria,  ciliates  tend  to  keep  bacteria  in  the  growth 
phase.  In  turn,  ciliates  become  a  ready  food  for 
larger  animals;  a  population  of  Ualtcria  O.  F.  Muller 
is  quickly  decimated  by  eopepods  under  laboratory 
experimentation. 

Some  ciliates  eat  other  ciliates — Didinium  O.  F. 
Muller  and  Condylostoma  (O.F.M.)  Dujardin,  for 
example.  Whether  food  is  absorbed  is  a  moot  point, 
but  it  can  be  done  by  some  species.  Size,  abundance, 
and  mode  of  living  lend  a  large  importance  to  ciliates 
in  estuaries. 

discussion- 

id  considering  estuaries  as  places  where  physical 
and  chemical  changes  cover  a  wide  range,  it  is  ap¬ 
parent  that  food  is  brought  in  by  the  land-fed  streams, 
and  that  the  death  of  plants  and  animais  on  meeting 
adverse  conditions  adds  further  organic  matter.  One 
result  is  a  large  population  of  bacteria  both  in  the 
water  and  in  the  sediments.  This  population,  aside 
from  its  function  of  mineralization,  may  become  di¬ 
rect  tood  for  large  animals,  as  shown  by  ZoBell  and 
Feltham  (  1938).  Certainly  it  is  effective  in  minerali¬ 
zation.  But  there  are  increasing  evidences  that  solu¬ 
ble  organic  food  is  utilized  by  both  chlorophyll -con¬ 
taining  organisms  ( VolvocaSes,  Kuglenophyceae.  and 
Chrysophyceae)  and  colorless  saprozoites,  such  as 
the  large  |>opulations  of  colorless  euglenids  in  the 
sediment-water  interface.  It  is  with  these  four  groups 
that  critical  culture  work  is  badly  needed.  In  this 
connection,  more  evidence  might  lie  accumulated  as 
to  the  extracellular  metalmlites  lilierated  by  large 
populations  of  a  single  species,  such  as  SauuocMoris 
baallaris  Xaumann  and  Gymnodimum  breve  which 
apparently  liberate  their  metabolite*  into  the  sur¬ 
rounding  water,  and  Gonyauiax  calcuello  which  frees 
toxin  into  the  tissues  of  mussels. 
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The  limiting  effects  of  salinity  are  also  seen  in 
these  surveys.  By  studying  several  estuaries  and  cor¬ 
relating  organisms  living  and  reproducing  there  with 
salinities,  we  can  determine  how  sharp  are  the  limits. 
The  organisms  discussed  here  certainly  tolerate  a 
wide  range  of  salinity.  Gunter  (1961)  has  reviewed 
this  matter,  but  not  for  the  microscopic  algae  and 
protozoa.  From  the  number  of  species  listed  here, 
it  appears  that  a  very  large  number  of  these  micro¬ 
organisms  are  widely  tolerant.  YVe  are,  however, 
basing  this  on  morphology  of  field  organisms  and  not 
on  laboratory  testing. 

It  is  not  presumed  that  any  of  these  organisms  are 
specific  indicators  of  estuarine  conditions.  To  begin 
with,  estuaries  arc  too  diverse.  Nevertheless,  a  num- 
lier  of  organisms  have  not  been  found  elsewhere.  It 
is  fascinating  to  find  an  organism  re)>eatedly  in  the 
same  set  of  environmental  conditions,  but  these  are 
too  difficult  to  define.  Thus,  Thiodcndrnn  mucosum 
has  occurred  only  where  salinities  were  about  17  %c. 
Other  conditions,  however,  varied  widely,  and  it 
would  lie  naive  to  assume  that  a  single  salinity  value 
is  the  determining  factor.  Culkinsie  aureus  has  prob¬ 
ably  been  found  only  in  the  Eel  Fond  at  Woods  Hole 
liecause  not  enough  other  jtossible  habitats  have  been 
sampled. 

Jeffries  (1962)  decided  eight  copepod  si>ec,es  indi¬ 
cated  certain  water  masses  in  Raritan  Bay.  It  seems 
more  probable  that  for  the  microscopic  algae  and 
protozoa,  abundance  and  repeated  occur*  ence  in  an 
estuary,  compared  with  small  numbers  and  limited 
occurrence  elsewhere,  might  mark  a  species  as  an  in¬ 
dicator  organism.  Gyvinodinium  flavum  occurred  in 
numbers  and  widely  along  the  coast  near  San  Diego 
while  it  was  also  abundant  in  Mission  Bay.  It  could 
not  lie  regarded  as  an  indicator  for  the  hay.  But 
I'ratmiini’tm  oslianum  might  be,  since  it  is  restricted 
•.n  occurrence  to  estuaries,  in  our  experience.  The 
same  is  true  of  Massartia  rotundala. 

SUMMARY 

In  summary,  we  may  say  that  in  estuaries  the 
microbiota  present  de|iends  upon  the  chemical  com* 
jiosition  of  the  water,  with  such  factors  as  light, 
teni|ierature.  toxins,  etc.,  exerting  mollifying  influ¬ 
ences.  This  is  nowhere  I  letter  illustrated  than  in  the 
estuary  of  the  Fenholloway.  The  normal  biota  of  the 
stream  and  its  tributaries  virtually  disapiiears  at  the 
entrance  of  pajier  mill  waste.  But  with  some  dilution 
I'.uliacteriales.  yeasts,  filamentous  bacteria,  and  fungi 
appear  in  enormous  numhers.  They  are  concerned 
with  normal  processes  of  decay,  as  in  any  situation 
But  the  substrate  here  is  specialized  and  rich  in  sulfur 
compounds,  so  that  in  the  huge  population.  Chlamydo- 
hacterialcs  and  sulfur  liacteria  appear  in  quantity. 

I'.uliacteriales  and  yeasts  are  food  for  large  num- 
lier*  of  colorless  Menas  and  rtcridomonas.  The 
former  is  ubiquitous  but  the  latter  is  rarely  seen. 
Thus,  specialized  substrates  call  forth  specialized 
biotas. 

All  of  the  green,  olive-green,  blue-green,  yellow- 


brown,  and  red  organisms  offer  as  a  primary  role 
mineralization  of  organic  •  ompounds,  whether  they 
start  with  simpler  ones  elaborated  by  bacterial  action, 
or  with  complex  soluble  compounds,  or  by  ingestion 
of  living  creatures.  Additionally,  they  add  Os  and 
COa  to  the  water,  so  that  saturation,  hardness,  and 
pH  are  affected.  Some  microorganisms  produce  anti- 
metabolites,  and  some,  in  decay  of  great  populations, 
become  nuisances  because  i,f  the  Oa  demand  and  be¬ 
cause  of  odors.  Finally,  a  normally  numerically  un¬ 
important  organi  ni  may  assume  great  importance  in 
a  special  environment. 

Perhaps  too  little  is  known  of  the  species  and 
numbers  cl  chrysomonads,  colorless  etiglenids,  and 
ciliates,  the  first  in  the  marine  environment  generally, 
and  the  last  tw'o  in  the  sediment-water  interface,  to 
assess  their  roles  profierty.  It  is  postulated  that  the 
colorless  euglenids  share  with  bacteria  and  fungi  the 
decomposition  of  organic  matter,  and  that  the  ciliates 
keep  the  sediment-water  interface  bacteria  in  the  en¬ 
dogenous  growth  nhase. 

-v  rhizopods  seem  to  attain  significant  numbers 
in  estuaries,  but  certain  species  apparently  are  charac¬ 
teristic  of  brackish  waters  and  may  have  some  value 
as  indicators.  The  three  orders  of  colorless  zooflagel- 
lates,  despite  a  small  number  of  genera  and  species, 
often  attain  targe  populations  in  estuaries,  where  their 
principal  functions  are  the  consumption  of  bacteria 
and  becoming  a  part  of  the  food  chain.  Estuarine 
waters  have  been  the  principal  situations  in  which 
some  of  the  rarer  and  unique  species  have  been 
found. 

Among  the  ciliates,  the  planktonic  tintinnids  are 
principally  consumers,  both  of  bacteria  and  other  mi¬ 
crobiota.  The  more  numerous  benthic  ciliates  share 
the  same  role. 

The  mixing  of  fresh  and  salt  waters  in  estuaries 
has  marked  effects.  Just  as  water  hyacinths  die  on 
drifting  downstream  into  salt  water,  so  do  many 
microbiotic  species.  There  is  too  short  a  time  for 
adaptation.  And  just  as  mangroves  push  upstream 
into  brackish  water,  so  do  many  oceanic  species. 
There  is  some  evidence  that  a  real  estuarine  micro¬ 
biota  exists,  and  that  its  members  attain  greatest 
numbers  there. 

There  are  many  indications  that  estuaries  are  spe¬ 
cialized  enviionments  and  that  we  need  to  know  much 
more  about  the  composition  of  their  biotas  before 
we  can  properly  assess  roles  in  productivity  and 
mineralization. 

Salt  ■  This  work  was  done,  in  part,  under 
grants-in-aid  from  the  Kettering  Foundation,  the  Na¬ 
tional  Science  Foundation,  and  the  National  Institutes  of 
Health,  United  States  Pubik  Health  Service.  Department 
of  Health.  Education  and  Welfare,  Bethrsda,  Maryland. 
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The  Estuarine  Mycoflora 

T.  W.  JOHNSON,  J*. 
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Representatives  of  all  commonly  recognized  classes 
of  fungi  have  been  collected  from  estuarine  waters 
and  sediments.  For  the  most  part,  studies  of  this 
mycoflora  have  been  taxonomic,  but  with  some  em¬ 
phasis  on  ecology  and  distribution.  Physiological  in¬ 
vestigations  have  been  limited,  and  generally  confined 
to  experiments  in  saline  tolerance.  This  paper  is  a 
brief  review  of  the  scope  of  the  estuarine  mycoflora 
and  the  investigations  of  elements  of  it. 

COMPOSITION  OF  THE  MYCOFLORA 

All  major  groups  of  fungi  are  known  to  be  repre¬ 
sented  in  estuaries.  Chytridiomycetes  are  found  in 
various  filamentous  and  planktonic  algae.  Oomycetes 
occur  in  some  algae,  but  can  also  be  collected  in  sedi¬ 
ments,  as  can  members  of  the  Zygomycetes.  A  few 
plasmodiophoraceous  fungi  have  been  found  in  mari¬ 
time  vascular  plants.  Even  the  small  class  Hyphochy- 
tridiomycetes  is  represented  in  estuarine  waters.  As- 
comycetes  and  Fungi  Imperfecti  seemingly  predomi¬ 
nate  in  frequency  in  estuarine  waters  and  sediments. 
Two  Basidiomycetes  have  been  reported  from  saline 
waters,  but  whether  these  are  truly  representative  of 
a  marine  flora  remains  to  be  confirmed.  Trichomy- 
cetes,  of  course,  are  well  represented  in  estuarine  and 
marine  habitats  on  various  crustaceans  and  arthropods. 

The  general  constituency  of  the  marine  mycoflora 
is  not  at  all  different  from  that  in  a  terrestrial  or 
freshwater  habitat.  Indeed,  many  fungi  recognized  as 
common  inhabitants  of  soil  are  to  be  found  in  estu¬ 
arine  sediments  and  as  viable  s|>ores  or  conidia  in  es¬ 
tuarine  waters.  Water  molds,  commonly  thought  to 
be  adapted  only  to  fresh  water,  occur  in  the  low-salin¬ 
ity  reaches  of  estuaries.  Other  fungi,  collected  or 
isolated  originally  from  marine  habitats,  occur  widely 
throughout  estuaries,  although  a  few  seem  limited  to 
the  high  saline  portions.  Parasitic  and  pathogenic 
forms  associated  with  various  substrates  and  hosts 
are  also  found  in  estuaries.  One  of  the  most  important 
of  these  fungi  is  AUesehfia  boydii,  the  causal  agent 
of  madura  foot  in  humans.  This  fungus  is  quite  com¬ 
mon  on  wood  submerged  in  waters  approaching  the 
salinity  of  sea  water. 

ECOLOGY 

Several  investigators  have  attempted  ecologically 
oriented  studies  of  estuarine  fungi  (Johnson  and 
Sparrow,  1961 ).  Only  those  of  a  synecological  nature 
are  summarized  here. 


Non-lignicolous  Species 

Fungi  in  this  category  were  first  studied  ecologi¬ 
cally  in  the  1950’s;  the  work  of  Hohnk  (Johnson  and 
Sparrow,  1961)  is  extensive.  He  showed  that  in 
coastal  waters  and  sediments  there  was  a  general  in¬ 
crease  in  the  “phycomycetous”  flora  as  the  salinity 
became  less,  and  conversely,  a  decrease  in  the  density 
of  Ascomycetes  and  Fungi  Imperfecti.  Considering 
the  Chytridiomycetes  (uniflagellates)  as  opposed  to 
the  Oomycetes  (bi flagellates),  Hohnk  found  fewer 
of  the  former  in  increasingly  saline  conditions  than  in 
decreasing  salinity,  while  the  non-filamentous  biflagel- 
late  species  increased  as  salinity  rose. 

In  a  seven-year  ecological  distribution  study  of  one 
estuary,  Johnson  (unpublished)  found  very  few  Chy¬ 
tridiomycetes  and  Oomycetes.  Two,  a  Rhuophydinm 
and  an  Olpidium,  occurred  throughout  the  estuary  up 
to  salinities  of  323S®.  Two  Oomycetes,  species  of 
Pythium,  had  a  similar  wide  tolerance  for  salinity. 
There  was  no  evidence  of  any  distributional  patterns 
in  relation  to  dissolved  oxygen,  nitrates  or  phosphates, 
nor  to  pH. 

Much  of  the  pertinent  ecological  information  on 
fungi  in  dunes  and  marshes  has  come  from  Pugh's 
studies  (1962,  1963),  although  others  have  also  con¬ 
tributed  (Johnson  and  Sparrow,  1961).  It  has  been 
shown,  for  exai.  pie,  that  fungi  are  more  numerous 
in  alkaline  than  in  acidic  sand  dunes.  Others  have 
reported  seasonal  variations  in  occurrence  of  fungi 
in  salt  marshes  and  tidal  flats,  and  there  is  good  evi¬ 
dence  that  there  is  a  greater  percentage  of  frequency 
of  fungi  in  high  humus  sediments  than  in  sediments 
low  in  orgai.i;  material.  Pugh  (1962)  was  able  to 
categorize  fungi  in  a  developing  salt  marsh.  Certain 
species  increased  in  frequency  upshore;  these  were 
considered  salt  marsh  inhabitants.  Salt  marsh  tran¬ 
sients,  on  the  other  hand,  increased  downshort.  Quan¬ 
titatively  but  not  qualitatively  there  are  fewer  fungi 
in  salt  marsh  muds  than  in  sand  dune  soils  (Pugh, 
1963).  The  low  oxygen  tension  in  the  mod  may  be 
one  reason  for  this  difference. 

Lignicolols  Species 

Some  attempts  have  been  made  at  plotting  ge¬ 
ographical  distribution  of  wood-inhabiting  marine 
fungi  (Ascomycetes  and  Fungi  Imperfecti),  but  few 
if  any  patterns  exist.  These  fungi  seem  widely  dis¬ 
tributed  in  both  temperate  and  tropical  waters.  Only 
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one  specie*,  an  ascomycete,  teem*  limited  to  sub¬ 
merged  baric;  the  remaining  known  species  occur  on 
wood. 

Independently,  Gold  and  Ritchie  (Johnson  and 
Sparrow,  1961 )  found  that  certain  lignicolous  species 
were  influenced  in  estuarine  distribution  and  growth 
in  culture  by  both  temperature  and  salinity.  This 
dual  influence,  the  “ Phoma  pattern",  is  exhibited  by 
the  occurrence  of  some  species  in  higher  saline  waters 
only  at  high  water  temperatures.  Similarly,  Phoma 
species  have  an  increasing  tolerance  to  salinity  as  the 
incubation  temperature  is  increased.  Hughes  (un¬ 
published)  observed  a  Phoma  distribution  with  one 
ascomycetr  from  an  estuary,  and  an  inverse  Phoma 
pattern  with  another. 

Johnson  (unpublished)  conducted  a  seven-year  study 
of  the  distribution  of  lignicolous  fungi  in  a  North 
Carolina  estuary.  Seventy-three  percent  of  the  fungi 
collected  were  representative  of  genera  known  to 
contain  terrestrial  species,  or  were  identifiable  as  soil- 
inhabiting  species.  Of  these,  81  percent  occurred  on 
wood  submerged  in  waters  of  less  than  18%,  salinity. 
7  percent  occurred  only  in  the  freshwater  jiortion  of 
the  estuary,  and  12  percent  were  found  throughout  the 
entire  estuary,  from  0 -32%,.  Five  marine  species,  two 
Ascomycetes  and  three  Fungi  lmperfecti,  developed 
on  wood  submerged  at  stations  embracing  a  salinity 
range  of  O-Jffc ;  the  greatest  density  of  marine  spe¬ 
cies  occurred  in  salinities  of  l&-30%,. 

The  Phoma  pattern  was  detectable  for  three  Asco¬ 
mycetes.  but  only  if  the  fructification  stage  was  con¬ 
sidered.  If  the  panels  were  incubated  f  Johnson  and 
Sparrow.  1961 )  at  room  temperature  after  being  re¬ 
moved  from  the  water,  and  the  populations  tallied,  no 
Phoma  pattern  was  evident.  A  fungus  showing  the 
Phoma  pattern  in  the  estuary,  for  example,  was  not 
in  evidence  on  panels  in  waters  of  18-22%,  at  15*C.. 
but  was  found  in  water  at  10-12%,  at  the  same  tem¬ 
perature.  On  incubation,  however,  panels  from  the 
higher  salinity  waters  developed  that  same  species. 
Thus,  the  Phoma  pattern  is  exhibited  by  differential 
fn;  ting  on  panel;  from  or.e  salinity-temperature 
rai.ge.  but  the  fungus  may  be  present  on  panels  from 
another  range,  although  without  producing  ascocarps. 

Three  investigators  have  reported  that  a  succession 
of  fungi  can  occur  on  submerged  wood.  This  problem 
has  been  studied  incidentally  to  the  aforementioned 
ecological  distribution  study.  It  is  true  that  an  ap¬ 
parent  succession  of  fungi  appears  on  submerged 
wood  left  in  the  water  for  varying  periods  of  time. 
However,  if  panels  are  submerged  for  short  periods 
and  then  incubated,  all  species  within  a  succession*] 
scheme  develop,  indicating  that  all  were  present  an 
the  panel  at  harvest.  Thus,  succession  is  an  expres¬ 
sion  of  differential  fruiting  time,  rather  than  replace¬ 
ment  of  one  specie*  by  another. 

PHYSIOLOGY 

Physiological  aspects  of  estuarine  tungi  have  scarce¬ 
ly  been  investigated,  although  there  are  the  begin¬ 
nings  of  biochemical  studies  on  marine  fungi  Far 


the  most  part,  even  these  attempts  at  biochemical 
analysis  deal  largely  with  nutrition.  Early  wotk  on 
the  pi,  biology  of  estuarine  and  marine  fungi  (John¬ 
son  and  Sparrow,  1961)  was  exclusively  aimed  at 
growth  in  culture  containing  various  nutrients. 

Bo  rut  and  Johnson  (1962)  tested  21  isolates  from 
estuarine  sediments.  While  growth  in  none  of  these 
was  inhibited  by  salinity  stress  when  adequate  nutri¬ 
ents  were  available,  spore  germination  was  markedly 
influenced  by  salinity.  Goldstein  ( 1963a)  reported  an 
N'aCI  requirement  for  two  species  of  Thramslochy- 
trimm.  The  NaCl  was  not  replaceable  by  K.C1,  and 
omission  of  the  latter  resulted  in  reduced  growth. 
Neither  species  could  utilize  nitrogen  in  KNO,  or 
(NH4)a  Sl)4.  Another  species  of  the  same  genus 
utilizes  nitrogen  in  the  form  of  (NH4)a  S04,  and 
although  it  requires  NaCl  for  maximal  growth,  omis¬ 
sion  of  KC1  does  not  affect  yields  (  Goldstein,  1963b). 

In  a  study  of  the  salt-tolerant  imperfect  Z.altrton 
I’ulla  (synonymous  with  Z.  mantuno,  according  to 
Anastasiou,  1963),  Ritchie  and  Jacobs >hn  (1963)  re¬ 
ported  that  the  higher  tolerance  of  the  fungus  to  in¬ 
creasing  salinity  with  rising  temperature  was  a  mat¬ 
ter  of  osmotic  pressure  of  the  medium  rather  than  a 
response  to  nutrients.  They  concluded  tliat  nutrient 
level  was  not  a  factor  in  dual  temperature-salinity 
effects  on  fungal  growth.  Another  approach  to  the 
physiology  of  fungi  from  saline  waters  was  taken  by 
Sguros  and  Simms  1 1963).  They  have  shown  the 
lignicolous  ascomycrte  Halos  phot  rta  mediostligtro  to 
have  a  thiamin  requirement,  and  at  least  a  partial 
requirement  for  biotin. 

The  foregoing  studies  serve  to  illustrate  the  status 
of  knowledge  of  the  physiology  oi  estuarine  and  ma¬ 
rine  fungi.  Clearly,  emphasis  has  been  on  nutritional 
requirements  and  salinity  tolerance.  An  extensive 
study  of  the  biochemistry  of  numerous  species  is 
needed. 

MORPHOLOGY 

Initial  taxonomic  studies  on  marine  Ascomycetes 
stressed  s|*>rc  appendages  as  generic  characteristics. 
Since  1960,  however,  emphasis  has  shifted  to  utiliza¬ 
tion  of  the  internal  structure  of  the  fructihcation  as 
the  most  important  criterion  for  generic  delimitation 
The  arrangement  cf  asci.  presence  or  absence  of  in- 
terascicular  filaments,  and  the  general  nature  of  the 
ascurarp  wail  have  been  employed  to  make  taxonomic 
rearrangements.  There  is  little  agreement  on  the  suit¬ 
ability  of  such  characteristics,  and  as  Johnson  1  19fa.Va. 
h.  c,  d)  has  shown,  the  origin  and  dcsekqmtcnt  of 
ascospore  appendages  in  species  of  certain  getters 
offer  little  hope  (or  establishing  precise  and  unvary 
mg  taxonomic  criteria 

CONCLUSIONS 

Knowledge  of  fungi  in  estuaries  is  still  fragmentary 
Experimental  work  aimed  at  discovering  twfagitsl 
and  physiological  information  is  beginning,  however, 
and  could  well  lead,  if  combined  with  precise  bmchrmi- 
cal  work,  to  explanation  of  the  adaptability  of  fungi 
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to  changing  stresses  in  the  saline  environment.  A  few 
of  the  numerous  unsolved  problems  are  the  inception 
of  infection  in  the  case  of  parasitic  species,  the  roie 
of  fungi  in  estuarine  productivity,  and  the  interrela¬ 
tions  of  fungi  to  other  segments  of  the  estuarine  biota. 

LITERATURE  CITED 

ANASTASIOU,  C  I,  1963.  The  genus  Zalericm  Moor e 
and  Meyers.  Can.  (.  Botany.  <1:1135-1139. 

BORUT,  S.  Y.,  and  T  W.  JOHNSON,  Jr,  1962.  Some 
biological  observations  on  fungi  in  estuarine  sediments. 
Mycologia.  5#  .-181-193. 

GOLDSTEIN,  S,  1963a.  Development  and  nutrition  of 
new  species  of  Thrauslochytrium.  Am.  J.  Botany,  50: 
271-279. 

GOLDSTEIN,  S..  1963b.  Morphological  variation  and 
nutrition  of  a  new  manocentric  marine  fungus.  Arch 
MUtrobiol.,  <3  :101-110 

JOHNSON.  T.  W..  Jr..  1963a.  Some  aspects  of  mor¬ 
phology  in  marine  Ascomycctes:  Ualospnaeria  Linder. 
Sovatleduvius,  6  67-79 

JOHNSON.  T.  W,  Jr,  1963b  Some  aspects  of  mor¬ 
phology  in  marine  Ascumycrtrs :  (' orollospora  Werder- 
riurin  Sma  Hcthi-it)u.  6  83- 93 


JOHNSON,  T.  W„  Jr.,  1963c.  Some  aspects  of  mor¬ 
phology  in  marine  Aseomycetes :  Amyloeorpus  Carrey, 
Herpotrichirlla  Petrak,  and  T  orpedospora  Meyers.  S'  ova 
Hcawgia,  6:157  -168. 

JOHNSON.  T.  W,  Jr.,  1963d.  Some  aspects  of  mor¬ 
phology  in  marine  Aseomycetes :  Ceriosporopsu  Linder. 
NovaHedwigio,  6: 169-178. 

JOHNSON,  f.  W„  Jr.,  and  F.  K.  SPARROW.  Jr, 
1961.  Fungi  in  octant  and  estuaries.  J.  Cramer.  Wem- 


heim,  Germany. 

PUGH,  G.  J  F,  1962.  Studies  on  fungi  in  coastal  soils. 
II.  Fungal  ecology  in  a  developing  salt  marsh.  Trans. 
Brit.  Mytol.  Sot..  <5:560-566 

PUGH,  G.  J.  F,  1963.  Ecology  of  fungi  m  developing 
coastal  soils.  In  Soil  Organisms,  edited  by  Doeksen 
and  Van  der  Drift ;  pp.  439-445.  North  Holland  Pubt. 
Co  ,  Amsterdam,  Netherlands. 

RITCHIFX  D,  and  M.  K.  JACOBSOHN,  1963.  The 
effects  of  osmotic  and  nutritional  variation  on  growth 
of  a  salt-tolerant  fungus,  Zalerion  eistla.  In  Symposium 
on  Marine  Micr^wlogy.  edited  by  C  H.  Opprithrimer ; 
pp.  286-299,  Thomas.  Springfield.  Illinois. 

SGUROS,  P.  !_.  and  J.  SIMMS,  1963.  Role  of  marine 
fungi  in  the  biochemistry  of  the  oceans.  III.  Growth 
(actor  requirements  of  the  Ascomycete  Haloipkamm 
medioteligrra.  Can.J.  Microbiol. .9: 585-591. 


“MB**' 


''■'V  w 


Occurrence  and  Origin  of  Yeasts  in  Estuaries 

N.  Va*  UDEN 

Department  of  Microbiology,  Botanical  Institute,  University  of  Lisbon,  Lisbon,  Portugal1 


It  ha*  long  been  known  that  yeasts  occur  in  natural 
bodies  of  water  (Fischer  and  B rebeck,  1894).  Only 
recently,  however,  have  specific  studies  been  nude  of 
the  ecology  of  these  yeasts.  A  detailed  account  01 
developments  up  to  I960  was  given  in  the  monograph 
of  Johnson  and  Sparrow  ( 1261 ). 

A  number  of  report*  on  the  quantitative  distribu¬ 
tion  of  yeasts  in  natural  water  bodies  is  now  avail¬ 
able  (Table  1).  In  the  open  sea.  average  population 
densities  of  between  34  and  57  viable  yeasts  per  liter 
have  been  found  (Kriss  and  Novothilova,  1954; 
Kriss,  1962:  Van  Uden  and  ZoBell,  1962  '.  In  littoral 
rones  off  Florida  and  California  the  papulation  den¬ 
sities  were  higher,  ranging  it  m  about  100  to  130 
cells  per  liter  (Roth  el  of.  1962;  Van  Uden  and 
Castelo  Branco,  1963)  in  Douglas  Lake,  Michigan, 
the  average  count  was  as  high  as  273  cells  per  liter 
(Van  Uden  and  Ahcam.  1963).  No  data  are  available 
on  the  population  densities  of  yeasts  in  rivers.  In  the 
estuaries  of  the  Tagus.  Sado.  and  Guadiana  Rivers, 
in  Portugal,  population  counts  ranged  from  lfff  to 
1,228  cells  per  liter  iTaysi  and  Van  Uden.  196-1  >. 

Tl.<se  data,  though  scarce  and  incomplete,  indicate 
the  quantitative  distribution  of  yeasts  recurring  in 
marine,  freshwater,  and  estuarine  cnvi roomer,  >.  ami 
suggest  that  yeast  populations  attain  their  highest  den¬ 
sities  in  inland  waters  and  have  their  lowest  densities 
in  the  open  sea.  In  littoral  rones,  yeast  population 
densities  apparently  are  sonicwE  it  higher  than  in  the 
open  sea.  but  '.  wo  than  in  inland  waters  Estuaries 
probably  take  an  intermediate  posit’-m  with  yeast 
populations  fluctuating  hetween  the  high  levels  of  in¬ 
land  waters  and  the  moderate  levels  of  littoral  rones. 
Differences  between  the  various  types  of  natural 
bodies  of  water  are  manifest  not  only  in  the  magni¬ 
tudes  of  population  densities,  but  also  in  species 
(ompaitiui. 

There  is  evidence  that  estuarine  waters  contain  not 
only  rioic  yeast  celts  per  volume  but  also  more  yeast 
species  than  the  adjacent  lea.  In  the  Tagus  Estuary, 
(or  example,  an  average  of  1.228  viable  yeasts  per 
liter  was  counted,  while  a  total  of  14  species  «as  iwi 
iated  tTaysi  and  Van  Uden.  1964  ».  With  increasing 
distance  from  the  estuary,  the  average  yeast  •  -itmls 
decreased  to  9$  per  liter  and  the  mrnhrr  of  species 
isolated,  b-  five.  A  similar  situation  (Table  2)  was 
found  r.n  the  Sado  Estuary  and  its  adjacent  littoral 
tune  I  Tay  w  snd  Van  Uden.  196* ). 

At  shown  in  Table  3.  the  species  composition  of 
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four  estuaries  has  been  studied ;  Biscaync  Bay,  Florida 
(Fell  ft  at.,  I960;  Fell  and  Van  Uden.  1963;  Roth 
tt  al.,  1962),  and  the  estuaries  of  the  Tagus.  Sado. 
and  Guadiana  Rivers  (Taysi  and  Van  Uden,  1964). 

Comparable  data  are  available  on  the  occurrence  of 
yeast  species  in  other  bodies  of  water,  for  example : 
the  Northwest  Pacific,  the  Sea  cf  Okhotsk,  and  the 
Black  Sea  (Kriss  and  Novoahilova.  1954;  Kriss. 

1962) ;  the  Atlantic  near  the  Bahamas  (Fell  el  al., 
1960) ;  the  Northeast  Pacific  (Van  Uden  and  Castelo 
Branco,  1963);  the  Indian  Ocean  (Bhat  and  Kach- 
walla,  1955);  the  Miami  River  (Capriotti,  1962). 
and  Douglas  Lake.  Michigan  (Van  Uden  and  Abeam, 

1963) . 

When  we  consider  the  five  yeast  species  most  fre¬ 
quently  isolated  in  each  of  the  four  estuaries  and  list 
their  occurrence  in  the  six  marine  waters  and  the  two 
inland  waters,  two  groups  of  species  can  be  distin¬ 
guished  (Table  4).  One  group  contains  the  species 
that  occurred  in  most  water  bodies  studied.  This 
group  includes  sjiecies  of  the  genus  Debaryomyces 
with  its  imperfect  forms  Tontlofsis  famata  and  T. 

Table  1.  Average  population  densities  of  yeasts  in 
na'  ral  bodies  of  water. 

Average 
number 
of  yeasts 
Water  |*r  100 


b  sly 

( >|*n  Sea 

1'acthc  Ocean  and 

ml 

References 

Okhotsk  Se* 

34 

Kriss  and  Novo* fulora. 
WM 

hiark  Sea 

5.4 

Kriss  and  Novoihrtova. 
1954 

1  urres  Strait 

$7 

Van  Uden  and  7.<>Relt. 
|9a> 

f.ittnral  Zones 

Off  S  E  Florida 

<10 

R  rh  ft  *1.1962 

( )ff  S  Cahfarma 

U 

Vin  l'dn>  and  Caslrti, 
Rianco.  1 963 

Estuaries 

(rutdiana.  Portugal 

118 

Kawakita  and  Van  Udm, 
unpubltdwd 

Sado.  Portugal 

245 

Tarsi  and  Van  Udm. 
1964 

Tag-  s.  Portugal 

Inland  Waters 
IVwgias  l  j*  . 

1228 

Tarsi  and  Van  Udm. 
19(4 

Michigan 

27J 

Van  Udm  and  Ahram. 
1961 
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Table  2.  Yeast  population  densities  and  number  of 
species  at  two  estuarine  stations  and  adjacent  littoral 
zones  (adapted  from  Taysi  and  Van  Uden,  1964). 


Distance  from 

Average  number  of 

Number  of 

estuary  (km) 

yeasts  per  liter 

tpecitf 

Ta^us  Estuary 

1228 

14 

5.5 

375 

6 

23.0 

140 

5 

300 

95 

5 

Sado  Estuary 

0.0 

245 

9 

7.0 

148 

5 

17.0 

123 

6 

Candida,  species  of  the  genera  Rkodotonda  and  Cryp- 
tococcm,  Candida  gndliermondii,  C  pmlchcmma,  and 
Klorckera  apiculata.  Though  all  these  species  are 
well  known  in  their  terrestrial  habitats,  apparently 
they-  are  also  well  adapted  to  marine  and  aquatic  en¬ 
vironments.  A  few  yeast  species  which  have  been 
isolated  from  marine  habitats  only  ( Van  Uden  and 
ZoBell.  1962)  have  not  yet  been  encountered  in 
estuaries. 

A  second  group  contains  those  yeast  species  that 
were  found  predominantly  in  estuaries  but  have  been 
isolated  only  rarely  from  the  open  sea.  This  group 
includes  forms  like  (  andida  tropicalu,  C.  krusei,  and 
C.  parapsdasis  which  are  known  to  occur  in  the  diges¬ 
tive  tract  of  man  and  warm-blooded  animals  (Van 
Uden,  1958,  1960,  1963);  and  other  species  like  C. 
intermedia,  C.  catemdata,  C.  mycodrrma,  and  C.  sey- 
lanaides  which  occur  <>n  vegetable  and  inanimate  ter¬ 
restrial  >ubst  rates. 


Table  3.  Yeast  species  most  frequent  in  four  estuaries. 


Estuary  and 

Yeast  ) 

Frequency 

reierence 

species 

percent 

Biscavne  Bay,  Florida 

Candida  knueP 

14 

Buck  and  Van  Uden, 

C  Irnpicalit 

13 

cited  by  Fell  and  Van 

Rhadotorula  rubra 

13 

Uden,  1963. 

K.  glutinu 

11 

C.  gtiillitrmondii 

10 

Tagus,  Portugal 

t  .  intermedia 

23 

Tayti  and  Van  Uden, 

R.  rubra 

17 

1964 

T  oruiopiit  Candida 

15 

R.  glulinu 

15 

K loer  kera  apiculata 

10 

Sado,  Portugal 

Debaryomyert  *p. 

52 

Taysi  and  Van  Uden, 

R  glntinu 

10 

1964 

C.  cotenulata 

8 

C.  uy coderma 

5 

Crypioeoccni  albidtu 

5 

Guadiana.  Portugal 

T.  Candida 

25 

Kawakita  and  Van 

C.  guiUiermondd 

23 

Uden,  unpublished 

K.  apiculata 

7 

Candida  puUkerrin m 

6 

Candida  leylancidet 

6 

■  C .  r* «u  food  u  t  dncwiwaai  form  uuttad  at 
C  IfUfl  ta  Maxtor  mrtf  ol  tto  ua<  M«  <  RcXk  rt  at.,  IHJ). 


The  apparently  dominated  occurrence  of  some  yeast 
species  in  estuaries  and  their  apparent  absence  from 
or  rarity  in  the  open  sea  may  be  the  result  of  a  vari¬ 
ety  of  causes,  including  the  scarcity  of  available  data 
One  obvious  possibility  which  we  explored  in  some 
detail  was  that  of  critical  differences  in  salinity  toler¬ 
ance  i  Van  Uden  and  Quinta,  unpublished). 

The  maximum  sodium  chloride  concentration  ( w  v ) 


Table  4.  The  occurrence  of  dominant  estuarine  .-east  species  in  other  bodies  oi  water 

Estuaries 


Inland 

waters 
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X 
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i 

3 

i 

? 

JC 

if 

V. 

n 

5 

M 

X 

ll 

ul 

Z 

i 

l 
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4 

4 

o 

4 

-b- 

4 

4- 

+ 

4 

4- 

4- 
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O 

o 

o 

4 

4 

4- 

4- 

4- 
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o 

o 

4 

4 

4 

+ 

4- 

4- 
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4 

o 
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rt 

♦ 

4 

4 

4 
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4 
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4 
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o 

4 

4 

4 
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ESTUARIES  :  MICROBIOTA 


Table  5.  Salt  tolerance  of  estuarii.e  end  marine 
occurring  yeasts. 


Species  and 
occurrence 

Number  of 
isolates 
tested 

Maximum  NaCl 
tolerance 
(percent  W/V) 

Estuaries 

Candida  intermedia 

7 

9-11 

C.  krusci 

19 

7  -  10 

C.  catenulata 

5 

10  -  11 

C.  mycoderma 

8 

5  -  9 

C.  zcylanoidcs 

7 

11  -  12 

Estuaries  and  sea 

guilliermondii 

.8 

10  -  15 

C.  putchcrrima 

16 

9-13 

T orttlopsis  janiata 

11 

17  -  24 

T.  Candida 

7 

13  -  19 

Sea 

Metschmltovna  sobellii 

12 

12  -  18 

M.  krissii 

4 

11  -  14 

T.  haemulonii 

2 

24  -  25 

T.  torresii 

1 

16  -  17 

T.  maris 

1 

10  -  11 

C.  marina 

1 

12  -  13 

which  still  jtermits  growth  in  broth  was  determined 
for  119  yeast  isolates  (Table  5) ;  46  isolates  belonged 
to  rive  species  that  occurred  as  dominant  forms  in 
estuaries  but  have  not  been  isolated  from  the  open 
sea ;  52  isolates  were  of  four  species  that  occur  fre¬ 
quently  in  estuaries  as  well  as  the  open  sea;  21  iso¬ 
lates  belonged  to  six  species  that  have  been  isolated 
only  from  the  open  sea.  The  results  indicated  a  toler¬ 
ance  of  relatively  high  salt  concentrations  fcr  all  iso¬ 
lates  tested.  Phaff  ct  al.  (1952)  made  similar  obser¬ 
vations  of  yeasts  isolated  from  shrimp  in  the  Gulf  of 
Mexico,  and  Bhat  ct  al.  (1955),  of  yeasts  from  the 
Indian  Ocean.  However,  high  salt  tolerance  is  not  re¬ 
stricted  to  yeast  species  that  occur  in  natural  bodies 
of  water ;  it  is  rather  common  w>;h  yeasts  as  a  group. 
For  example,  among  about  100  species  of  the  genera 
Candida  and  Torulopsis  we  found  only  three  species 
of  which  some  or  all  strains  tested  had  a  sodium 
chloride  tolerance  below  3.5  percent  (Van  Uden  and 
Quinta,  unpublished).  Most  known  yeast  species  have 
sufficient  salt  tolerance  to  grow  in  estuaries  and  the 
seas.  It  was  found  by  Rosa  and  Morris  (1962),  how¬ 
ever,  that  even  in  yeast  species  with  a  high  maximum 
salt  tolerance,  growth  phenomena  like  the  lag  and  the 
yield,  but  not  the  rate,  may  be  affected  by  sodium 
chloride  concentrations  well  below  the  salinity  of  the 
sea.  Sodium  chloride,  thus,  does  affect  the  adaptability 
of  different  species  of  yeast  to  marine  and  estuarine 
environments. 

An  obvious  possible  source  of  yeasts  in  estuaries  is 
sewage  pollution,  and  an  extensive  yeast  speciation 
study  of  polluted  streams  and  sewage  treatment  plants 
was  executed  by  Bridge  ct  al.  (1960).  When  the  spe¬ 
cies  most  frequently  isolated  by  them  arc  listed  and 
the  reported  occurrence  of  these  same  species  in  estu¬ 
aries  is  noted  (Table  6),  it  is  seen  that  most  species 
from  sewage  and  polluted  streams  are  also  dominant 
forms  in  one  or  more  estuaries.  In  fact,  we  find  the 


same  two  ecological  groups  outlined  before:  (1)  yeasts 
like  Rhodotorula  glut  inis  which  are  widespread  in 
estuaries,  the  open  sea,  and  inland  waters;  and  (2)  in¬ 
testinal  yeasts  like  Candida  tropicalis,  as  well  as  yeasts 
from  terrestrial  substrates  like  C.  intermedia  which 
were  found  as  dominant  forms  in  estuaries  but  are 
rare  in  the  open  sea. 

Besides  sewage,  gulls  and  terns  were  found  to  con¬ 
stitute  sources  of  yeasts  that  occur  in  estuaries  and 
other  bodies  ot  water.  High  numbers  of  viable  yeasts 
were  found  in  the  intestinal  contents  of  the  Western 
Gull  (Larus  occidentals)  by  Van  Uden  and  Castelo 
Branco  (1963).  Recently  we  took  samples  from  69 
gulls  and  terns  caught  in  the  Tagus  Estuary.  The 
a\erage  number  of  yeasts  was  23,900  cells  per  gram 
of  intestinal  contents.  Birds  that  harbored  yeasts  were 
ivA»i..i  m  all  seven  genet  .  sampled,  suggesting  that 
gulls  and  terns  are,  as  a  group,  suitable  hosts  for  in¬ 
testinal  yeasts  and,  consequently,  possible  sources  of 
marine  and  estuarine-occurring  yeasts  throughout  the 
world  (Table  7).  However,  when  the  species  most 
frequently  isolated  from  gulls  ar.d  terns  are  listed  and 
the  reported  occurrence  of  these  same  species  in  estu¬ 
aries  is  noted,  it  is  seen  that  of  the  four  estuaries 
studied,  only  Biscayne  Bay  harbored,  as  dominant 
forms,  yeast  species  that  also  occurred  in  the  feces  of 
gulls  and  terns  (Table  8).  Thus,  it  seems  that  some 
yeast  species  which  thrive  in  one  estuary  may  not 
develop  detectably  in  other  estuaries  even  though  they 
are  regularly  introduced  into  the  water.  Intestinal 
yeasts  like  the  species  that  occurred  in  the  digestive 
tract  of  gulls  and  terns  and  in  the  water  of  Biscayne 
Bay  have  also  been  reported  from  other  subtropical 
and  tropical  waters  such  as  the  Miami  River  (Cap- 
riotti,  1962),  the  Gulf  of  Mexico  (Phaff  et  al.,  1952), 
and  the  Indian  Ocean  (Bhat  et  al.,  1955),  but  not 
from  waters  in  colder  zones. 

Preliminary  results  of  wurk  under  way  in  our  labo¬ 
ratory  (Van  Uden  and  Ruivo,  unpublished)  indicate 

Table  6.  Yeasts  in  sewage  and  estuaries. 


Occurrence  of  same 
species  in  estuaries 


Species  most  frequent 
in  polluted  streams 
and  sewage  treatment 
plants  (After  Bridge 
et  a!..  I960' 

Percent 

frequency 

Biscayne 

Bay 

Tagus 

i 

in 

.is 

l 

o 

Rhodotorula  glutinis 

13 

O 

O 

o 

+ 

Trichospnron  cutanetim 

13 

4- 

R.  rubra  (mucilaginosa) 

10 

6 

O 

+ 

Candida  parapsilosis 

7 

o 

+ 

C.  krusci 

6 

o 

C.  tropicalis 

6 

0 

C.  guilliermondii 

5 

o 

+ 

o 

C.  humic  ola 

4 

-r 

C.  intermedia 

4 

+ 

O 

T  orulopsis  famata 

4 

+ 

+ 

0 

+ 

T.  Candida 

4 

O 

o 

()  Occurrence  as  one  of  five  most  frequent  species. 
+  Occurrence  (dominant  or  not)  reported. 
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Table  7.  Occurrence  and  population  densities  of  yeasts  in  intestinal  contents  of  gulls  and  terns. 


Average  of  yeasts  per  gram  of  feces 


Number  with  — 

— 

All  birds 

Species 

Number  tested 

yeasts 

Positive  birds 

Lesser  Black-Backed  Gull 

26 

12 

1 1 ,280 

(5,210) 

(Larus  fusais) 
Slender-Billed  Gull 

4 

3 

29,600 

(22200) 

( Larus  genei) 

Herring  Gull 

4 

1 

22,500 

(5,600) 

(Larus  argentatus ) 
Black-Headed  Gull 

11 

5 

7,000 

(3,180) 

(Larus  ridibundus) 
Sandwich  Tern 

3 

2 

70 

(50) 

( Sterna  sandrirensis ) 
Common  Tern 

6 

5 

253,100 

(211,000) 

( Sterna  hirunda ) 

Hooded  Tern 

15 

9 

11,500 

(9200) 

(Sterna  minuta ) 

TOTAL 

69 

37 

44,600 

(23,900) 

that  the  intestinal  yeast  (,.  tropicalis  grows  taster  than 
T.  Candida  in  enriched  sea  water  at  30’  C. ;  at  20’  C, 
however,  T.  Candida  has  the  higher  maximum  growth 
rate.  Candida  tropicalis  is  dominant  in  warm  Bis- 
cayne  Bay  (mean  June  temperature  near  30°  C.) 
whereas  T.  Candida  predominates  in  the  much  colder 
water  of  Portuguese  estuaries  (mean  June  tempera 
‘.lire  near  20’  C. ) .  This  suggests  that  the  temperature 
of  the  water  into  which  intestinal  yeasts  find  their 
way  may  determine  whet!  er  a  population  will  build 
up.  This  example  illustrates  the  almost  total  lack  of 
knowledge  regarding  the  factors  that  govern  yeast 
ecology  in  bodies  of  water.  What  has  been  learned, 
during  the  last  ten  years  or  so,  is  that  yeasts  are  a 
regular  component  of  life  in  natural  bodies  of  water, 
and  we  do  have  some  knowledge  now  of  the  densities 
of  yeast  populations  and  of  the  species  of  yeasts  that 
occur  in  these  environments.  Even  this  inventory 
knowledge  is  still  very  fragmentary,  and  the  under 


Table  8.  Occurrence  of  intestinal  yeasts  from  gulls 
and  terns  in  estuaries. 


Occurrence  of  same 
species  in  estuaries 


Species  most  frequent 
in  feces  of  gulls  and 
terns  ( After  Kawakita 
and  Van  Uden,  1964) 

Percent 

fre¬ 

quency 

Biscayne 

Bay 

Tagus 

o 

•a 

tn 

Saccharomyces  ccrcvisiac 

20 

T  orulopsis  glabrata 

12 

S.  olenginosus 

1« 

Candida  tropicalis 

9 

O 

C.  albicans 

9 

O' 

T.  pintolopcsii 

7 

C.  krusci 

4 

O 

C.  norvegensis 

4 

C.  tenuis 

4 

C.  purapsilosis 

2 

0 

O  Occurrence  a«  dominant  form. 
+  Occurrence  but  not  dominant 
1  Fell  and  Van  Uden,  1963. 


taking  of  surveys  i  , ‘signed  to  detect  densities  and  spe¬ 
cific  compositions  of  yeast  populations  in  oceans,  seas, 
estuaries,  rivers,  and  lakes  should  be  encouraged. 

Our  present  knowledge  of  the  occurrence  of  certain 
well-defined  yeast  species  in  different  natural  water 
bodies,  however,  should  now  permit  the  selection  of 
suitable  strains  for  experimental  ecology  in  the  labora¬ 
tory.  Since  yeasts  are  much  easier  to  grow  and  han¬ 
dle  than  algae  and  many  bacteria,  but  behave,  unlike 
most  other  fungi,  as  unicellular  organisms,  the  use  of 
yeasts  for  the  experimental  elucidation  of  problems  of 
microbial  ecology,  in  general,  in  bodies  of  water  may 
sometimes  be  of  advantage. 

Author's  Note:  This  work  was  supported  by  the  Ca- 
loustc  Gulhenkian  Foundation,  Lisbon,  Portugal. 
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The  types  of  diatoms  which  compose  estuary  com¬ 
munities  are  usually  benthic  and  neritic  species,  al¬ 
though  some  truly  oceanic  plankton  species  may  be 
brought  in  by  tidal  action  or  wind.  Benthic  species 
are  those  which  live  close  to  or  on  the  substrate,  or 
they  may  be  attached  to  plants  or  various  kinds  of 
debris.  The  neritic  species  are  those  which  have  rest¬ 
ing  cells  which  remain  on  the  bed  of  the  estuary  dur¬ 
ing  unfavorable  conditions  but  spend  most  of  their 
vegetative  stage  afloat.  The  oceanic  or  plankton  spe¬ 
cies  are  those  which  spend  their  vegetative  and  rest¬ 
ing  stages  afloat. 

The  diatom  community  is  therefore  composed  of 
both  the  bottom-living  species  and  the  floating  species 
which  are  usually  referred  to  as  plankton.  The  float¬ 
ing  species  are  neritic  and  also  benthic  species  which 
have  been  brought  up  from  the  bed  of  the  estuary  by 
turbulence.  Many  of  the  neritic  species  have  various 
types  of  structures  which  increase  their  ability  to 
float.  Gran  (1912)  classifies  them  as  follows:  the 
“bladder  type”,  that  is,  Coscinodiscus,  in  which  the 
center  of  the  large  cell  is  filled  with  a  thin  fluid  *-v- 
ing  a  specific  gravity  a  little  lighter  than  water ;  the 
ribbon  or  filamentous  type,  exemplified  by  Fragilaria; 
the  hair  type,  the  shape  of  which  is  greatly  prolonged 
in  one  direction,  as  in  Rhisosolenia ;  and  the  branch- 
ing  type,  which  has  a  surface  enlarged  by  various 
types  of  hair-shaped  outgrowths,  as  in  Chaetoceros. 

ECOLOGICAL  FACTORS  AFFECTING  THE 
OCCURRENCE  OF  DIATOMS 

The  abundance  of  diatoms  is  determined  by  the 
interaction  of  many  factors  in  the  environment,  any 
one  of  which  may  be  limiting.  Often  the  numbers  of 
diatoms  present  increase  suddenly ;  this  increase  is 
called  a  diatom  bloom.  These  blooms  may  occur  once 
or  several  times  during  the  year,  as  pointed  out  by 
Patten  el  al.  (1963)  in  the  Chesapeake  Bay.  Usually 
the  spring  bloom  is  in  April-May  and  the  fall  bloom, 
in  September-October.  However,  Riley  (1959)  found 
a  winter  flowering  in  Long  Island  Sound  between 
January  and  March  and  an  autumn  flowering  between 
August  and  October.  In  coastal  areas  where  there  is 
a  continuous  runoflf  from  the  land  or  where  upwelling 
occurs,  such  cyclic  variation  in  the  abundance  of 
diatoms  may  not  occur  if  other  factors,  such  as  light, 
are  not  limiting. 

Light  and  temperature  seem  to  be  important  en¬ 
vironmental  factors  which  influence  diatom  abun¬ 
dance.  It  is  difficult  under  natural  conditions  to  dis¬ 


sociate  these  two  factors.  Atkins  (1928)  observed 
at  Plymouth  that  the  spring  bloom  occurred  when 
the  length  of  the  day  was  10-12  hours  and  about  three 
hours  of  sunlight  was  present.  The  variation  in  the 
time  of  outbreak  seemed  to  be  brought  about  by  vari¬ 
ation  in  the  amount  cf  sunlight.  P:ley  (1942)  con¬ 
cluded  that  a  balance  between  the  effects  of  vertical 
turbulence  and  the  increase  of  vernal  radiation  deter¬ 
mines  the  beginning  of  spring  flowering.  The  dura¬ 
tion  of  the  autumn  bloom  often  seems  to  be  controlled 
by  the  amount  of  light  available  (Harvey  et  al., 
1935).  Davidson  and  Huntsman  (1926)  state  that 
the  reason  for  the  negligible  amount  of  diatom  growth 
in  winter  is  the  small  amount  of  light  and  low  tem¬ 
perature.  Often,  however,  it  does  not  seem  to  be  the 
amount  of  incident  light  that  is  limiting,  but  rather 
the  turbidity  of  the  water  caused  by  turbulence  pro¬ 
ducing  the  limiting  light  effect.  Riley  (1941)  found 
that  at  Georges  Bank  in  the  Gulf  of  Maine  vertical 
turbulence  and  solar  radiation  were  the  chief  limiting 
factors  on  plankton  growth  throughout  the  late  au- 
umn,  winter,  and  early  spring.  Gran  and  Braarud 
(1935)  attributed  the  small  diatom  growth  in  the  Bay 
of  Fundy  and  along  the  New  Brunswick  coast  to  lack 
of  sufficient  light  due  to  turbulence.  They  state  that 
in  order  to  survive  a  diatom  must  be  exposed  to  light 
at  least  one-fifth  of  the  time. 

Riley  (1959)  found  that  the  variations  in  the  times 
of  the  winter  outbursts  of  diatoms  which  he  observed 
in  Long  Island  Sound  were  caused  by  variations  in 
radiation  and  temperature.  Radiation  controls  the 
photosynthetic  rate,  and  temperature  affects  the  rate 
of  growth  by  its  effect  on  respiration.  According  to 
Riley’s  estimate,  radiation  of  approximately  100  cal/ 
day  is  necessary  to  maintain  a  steady  state  in  winter, 
whereas  500  cal/day  is  required  in  the  autumn. 

The  kinds  and  the  abundance  of  diatoms  in  estu¬ 
aries  seem  to  be  influenced  by  temperature.  Yentsch 
and  Ryther  (1959)  found  that  the  proportion  of  nano¬ 
plankton  (small  diatoms)  in  the  total  population  in¬ 
creased  sevenfold  between  March  and  July  when  the 
temperature  rose  from  2-2  I*C.  However,  they  con¬ 
cluded  that  temperature  was  probably  not  the  only 
factor  producing  the  change.  Balech  (I960)  has 
found  that  collections  from  the  same  region  off  the 
California  coast  at  the  same  season  of  the  year  had 
very  different  species  present  in  a  warm  year  than  in 
a  cold  year. 

Sato  (1958),  studying  the  diatoms  in  Shiogama 
Harbor,  found  that  the  neritic  species  became  more 
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abundant  when  the  attached  species  disappeared.  The 
attached  species  were  rather  abundant  between  April 
and  July,  very  abundant  between  October  and  De¬ 
cember,  almost  absent  from  January  to  March,  and 
very  few  in  August  to  September. 

Castenholtz  (1963)  has  found  that  in  the  intertidal 
zone  the  vertical  species  pattern  and  the  species  pres¬ 
ent  depended  principally  on  the  time  the  diatoms  were 
exposed  to  direct  sunlight  during  emergence  and, 
therefore,  were  influenced  by  the  sky  conditions  and 
the  position  of  the  sun  during  low  water.  Further¬ 
more,  it  was  shown  that  it  is  probably  the  desiccation, 
high  temperature,  and  high  light  intensity  that  limits 
the  growth  of  diatoms  in  these  intertidal  zones.  Vari¬ 
ous  species  seem  to  grow  best  under  different  light 
intensities  and  different  amounts  of  insolation  ex¬ 
posure. 

Temperature  also  influences  the  time  of  optimum 
development  of  many  species  in  estuaries.  For  exam¬ 
ple,  Allen  (1928)  noted  that  Skeletonema  coslalum 
prefers  cool  water  for  its  best  development  and  Clii  e- 
toceros  cun’isetum  requires  a  temperature  of  18-20' C. 
for  optimum  growth.  It  is  believed  by  many  that  the 
length  of  the  day  and  the  temperature  are  among  the 
more  important  factors  causing  the  succession  of 
dominant  or  common  species  in  an  estuarine  diatom 
community. 

Since  much  of  the  diatom  community  in  ar,  estu¬ 
ary  is  in  the  form  of  plankton,  turbulence  is  an  im¬ 
portant  factor,  as  it  greatly  affects  the  ability  of  a 
diatom  to  float.  The  lessening  of  turbulence  of  the 
water  as  spring  approaches  contributes  to  the  produc¬ 
tion  of  the  spring  bloom.  Turbulence  also  affects  the 
distribution  of  water  masses,  brings  about  mixing, 
and  produces  turbidity  which  affects  light  penetration. 

The  nutrient  level  of  the  water  has  a  great  deal 
to  do  with  the  number  of  diatoms  an  estuary  will 
support.  Compared  with  the  open  sea,  estuaries  are 
usually  fairly  high  in  nutrients.  Gran  (1912)  pointed 
out  that  in  northern  Europe  the  plankton  develop¬ 
ment  may  be  one  of  three  types.  When  the  nutrients 
are  continually  augmented  by  a  supply  from  land  or 
from  vertical  currents,  a  well-developed  diatom  flora 
may  continue  throughout  the  year,  unless  light  is  a 
limiting  factor  in  winter.  If  the  nutrient  supply  is 
intermittent,  the  diatom  maximum  and  minimum  will 
alternate.  In  some  cases  little  or  no  supply  of  nu¬ 
trients  is  derived  from  land,  and  vertical  circulation 
is  possible  only  early  in  the  spring.  Such  conditions 
produce  only  one  diatom  bloom,  and  that  early  in  the 
spring.  On  the  western  coast  of  Africa,  Hentsche! 
(1928)  found  that  the  regions  of  diatoms  and  phos¬ 
phorus  abundance  were  similar.  Likewise,  on  the 
western  coast  of  South  America,  Gunther  ( 1936) 
found  that  the  diatoms  are  particularly  well  developed 
in  waters  rich  in  phosphorus. 

Lack  of  phosphorus  may  also  limit  diatom  growth. 
Marshall  and  Orr  (1928)  noted  that  when  the  TO, 
was  used  up,  the  diatom  maximum  disappeared.  Ni¬ 
trogen  in  the  Bay  of  Fundy  and  the  Gulf  of  Maine 
may  be  responsible  for  diatom  succession  ( Gran  and 


Braarud,  1935).  Lillick  (1937),  from  her  study  of 
diatoms  in  the  Woods  Hole  region,  concluded  that 
N03  is  more  critical  for  phytoplankton  production 
than  PO*.  One  of  the  causes  for  a  succession  of  dif¬ 
ferent  species  in  a  flora  seems  to  be  the  varying  re¬ 
quirements  for  these  mineral  substances.  Gran  and 
Braarud  (1935)  found  that  when  the  water  in  the 
Gulf  of  Maine  was  rich  in  nutrients,  Thalassiosira 
was  dominant.  As  the  NO;l  and  P04  were  used  up, 
species  such  as  Rhisosolenia  alata,  which  can  live  on 
a  smaller  amount  of  nutrients,  became  more  common. 
Thus,  depending  on  the  nutrient  supply,  the  species 
of  a  flora  may  vary.  Braarud  and  Hope  (1952)  found 
that  the  entrance  of  sewage  into  an  estuary  greatly 
increased  the  phosphorus  and  nitrogen  content  of  the 
water  and  was  responsible,  in  part,  for  the  rich  growth 
of  diatoms. 

Besides  nitrogen  and  phosphorus,  iron  and  silicates 
have  been  found  to  be  important  in  determining  the 
abundance  of  diatoms.  Certain  species  of  diatoms 
(Guillard  and  Cassie,  1963)  such  as  Skeletonema 
coslalum  require  vitamin  B12.  The  number  of  mole¬ 
cules  per  cubic  microgram  varied  from  5-18.4,  which 
is  similar  to  the  requir-ment  of  other  organisms. 
Guillard  and  Cassie  point  mit  that  the  time  at  which 
B j2  is  present  during  the  development  of  a  bloom  may 
be  more  important  than  the  total  amount  present. 
Likewise,  Hulburt  and  Rodman  (1963)  have  found 
that  neritic  species  were  favored  by  the  availability 
of  B12.  iron,  and  silicates.  Patten  et  al.  (1963)  found 
that  in  Chesapeake  Bay  Skeletonema  coslalum  is  more 
common  in  upper  inland  areas  where  one  might  expect 
the  greatest  amount  of  vitamin  B13. 

Salinity  is  an  important  environmental  factor  which 
affects  the  number  of  species  and,  more  particularly, 
the  kinds  of  species  present.  Uyeno  (1957)  found  in 
Osaka  Bay  that  in  summer  the  quantity  of  diatoms 
could  be  expressed  as  a  function  of  salinity  and  tem¬ 
perature.  In  Chesapeake  Bay,  Patten  et  al.  (1963) 
found  the  lowest  diversity  of  species  on  the  eastern 
side  where  the  salinity  was  highest. 

STRUCTURE  OF  DIATOM  COMMUNITIES 

There  are  many  kinds  of  species  in  estuaries  be¬ 
cause  the  water  characteristics  are  so  variable.  This 
is  particularly  true  in  the  mouths  of  rivers.  At  sea¬ 
sons  of  high  flow  the  water  may  have  fresh  charac- 
tcris'ics  and  the  predominant  flora  may  lie  one  which 
is  found  in  the  lower  part  of  freshwater  rivers, 
whereas  during  peri  xls  of  low  flow  and  high  salinity 
the  flora  may  lie  primarily  brackish-water  types  with 
a  few  marine  species.  The  cause  of  this  complete 
change  in  kinds  of  s|>ecies  of  collectable  flora  is  the 
rapid  reproductive  rate  which  diatoms  may  have  un¬ 
der  favorable  conditions.  There  are  relatively  few 
species  which  are  characteristic  of  the  wide  range  of 
salinity  and  other  water  characteristics  associated 
with  estuaries.  They  are  referred  to  as  eurvhaline 
species. 

Under  natural  conditions  in  estuaries— conditions 
which  have  not  l>een  adversely  affected  by  pollution — 
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Fig.  1.  Structure  of  a  natural  diatom  community  (Chocolate  Bay,  Texas). 


the  diversity  of  species  is  high  and  the  populations  of 
most  of  the  species  are  fairly  small.  This  structure  of 
the  diatom  community  can  be  expressed  by  the  for¬ 
mula  for  a  truncated  normal  curve.  The  graph  of  the 
curve  in  Figure  1  shows  that  the  height  of  the  mode 
is  21  species  and  the  curve  extends  over  13  intervals. 
Other  studies  show  the  height  of  the  mode  to  vary 
from  17-24  species.  The  shape  of  the  curve  is  similar 
to  that  for  natural  rivers,  in  which  the  height  of  the 
mode  is  usually  22-28  species  and  the  curve  covers 
10-12  intervals  ( Patrick  el  al.,  1954).  Thus,  the  height 
of  the  mode  in  estuaries  is  not  quite  so  great  as  in 
rivers,  and  the  sizes  of  the  populations  are  more  vari¬ 
able.  The  shape  of  these  curves  (the  diversity  pat¬ 
tern)  is  quite  stable  unless  pollution  occurs.  So,  al¬ 
though  the  kinds  of  species  may  change,  the  numbers 
and  the  relative  sizes  of  populations  of  species  com¬ 
posing  the  community  do  not  change  greatly.  It  is 
true  that  during  some  seasons  of  the  year  a  few  spe¬ 
cies  may  be  represented  by  large  populations,  but  this 
does  not  alter  the  basic  structure  of  the  community. 
Fatten  (1961)  has  found  that  the  numtier  of  species 
forming  a  phytoplankton  community  has  a  high  sta¬ 
bility  coefficient,  and  that  it  is  much  higher  than  the 
stability  coefficient  of  the  environmental  factors.  Sub¬ 
rahmanyan  and  Viswanatha  (1960)  found  that  the 
diatom  flora  on  the  west  coast  of  India  was  charac¬ 
terized  by  a  large  number  of  species,  but  only  a  few 
of  them  (about  12  percent)  formed  large  populations. 
Hulburt  (1963)  found,  in  the  coastal  waters  of  Vene¬ 
zuela.  that  the  phytoplankton  was  characterized  hv 
many  species  of  very  small  populations,  and  only  a  few 
were  characterized  by  large  populations. 

If,  however,  the  environmental  conditions  are  ex¬ 
tremely  unfavorable  for  diatoms,  and  as  a  result  only 
a  few  species  can  live  in  these  conditions,  the  sizes 
of  diatom  populations  are  more  variable;  some  are 


very  small  as  represented  by  species  that  can  barely 
exist,  and  the  very  few  that  can  thrive  under  such 
conditions  have  large  populations,  providing  the  nu¬ 
trient  level  is  high  enough  to  support  such  popula¬ 
tions.  This  is  the  condition  we  find  in  many  polluted 
waters  (Fig.  2). 

In  order  to  evaluate  correctly  an  algal  community, 
one  must  take  into  consideration  the  number  of  cells 
or  individuals  present.  This  is  largely  determined  by 
the  chemical  constituents  in  the  water  (for  example, 
nitrates,  phosphates,  and  the  other  chemicals  neces¬ 
sary  to  build  protoplasm)  and  by  the  various  physical 
characteristics  of  the  environment  which  promote 
photosynthesis.  The  quantities  of  these  environmental 
characteristics  determine  the  number  of  cells  which 
can  be  supported.  The  number  of  taxa  into  which 
these  cells  are  distributed  determines  the  diversity  of 
the  community.  A  well-diversified  community  is  prob¬ 
ably  capable  of  using  the  variable  environment  to  its 
fullest  capacity  A  community  of  a  few  species  might 
use  the  environment  as  effectively  as  one  of  many  spe¬ 
cies  at  any  given  |>oint  in  time,  but  the  evidence  sug¬ 
gests  that  this  is  not  so  over  time. 

The  algae  are  one  of  the  most  important  groups  at 
the  base  of  the  food  chain  or  web,  and  so  the  more 
diversified  the  community  of  algae  is,  the  more  useful 
it  will  be  to  a  greater  variety  of  organisms  which  prey 
u|Km  it.  The  distribution  of  the  biomass  of  algae  into 
a  few  s|>ecies  jeopardizes  its  usefulness  as  food.  For 
example,  if  the  algae  community  is  composed  of  only 
a  few  s|>ecies  of  blue-green  algae,  which  often  happens 
in  a  |*olluted  estuary,  the  biomass  may  be  as  great  as 
in  a  naturally  eutrophic  estuary,  but  its  usefulness  as 
a  source  of  food  is  greatly  decreased. 

Not  only  the  biomass,  but  the  diversity  pattern  and 
the  kinds  of  species  must  be  considered  to  understand 
a  community  or  to  retate  it  to  the  flow  of  energy  in 
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Fig.  2.  Structure  of  a  diatom  community  in  a  polluted  area,  showing  the  relatively  small  number  of  species  and 
the  unequal  sires  of  populations  of  various  species  (Houston  Ship  Channel,  Texas). 


the  food  chain.  Examples  of  various  types  of  diatom 
community  rtructures  are  shown  in  Figure  3.  The 
first  diagram  illustrates  a  diatom  community  com¬ 
posed  of  many  species  with  very  small  populations 
(indicated  by  narrow  lines).  These  types  of  commu¬ 
nities  are  typical  of  low  nutrient-level  water,  and  the 
biomass  is  very  small.  The  second  and  third  diagrams 
represent  diatom  communities  with  the  same  biomass. 
The  difference  is  that  in  the  second  diagram  the  nu¬ 
trients  are  in  proportions  suitable  for  many  species, 
and  as  a  result  each  of  these  has  a  relatively  small 
population.  In  the  third  diagram  there  is  an  imbal- 
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Fig.  3.  Relationship*  of  the  amount  of  bkxnass  and 
species  diversity  to  various  nutrient  conditions  in  water. 


ance  of  nutrients  and  as  a  result  only  a  few  species 
can  utilize  them  and  the  sizes  of  the  populations  of 
the  species  are  very  different.  It  is  conceivable  that 
a  much  smaller  biomass  of  species  which  provides  de¬ 
sirable  sources  of  food  might  be  more  valuable  to  the 
food  chain  than  a  larger  biomass  fixed  in  undesirable 
food  species.  The  total  biomass  may  be  correlated 
with  nutrient  level  of  the  water,  but  its  importance  in 
the  food  chain  is  greatly  influenced  by  the  kinds  of 
species  which  compose  it. 

SUMMARY 

From  this  discussion  it  is  evident  that  estuaries  in¬ 
clude  a  highly  variable  group  of  environmental  char¬ 
acteristics.  and  that  under  most  conditions  there  is  a 
very  large  group  of  diatom  species  that  can  live  in 
them.  The  particular  specie:  that  occur  and  the  size 
of  their  populations  depend  upon  specific  combinations 
of  environmental  conditions.  However,  there  is  a  high 
consistency  in  the  diversity  which  any  particular  area 
will  support  so  long  as  the  environmental  characteris¬ 
tics  of  that  particular  area  do  not  change  radically. 
Such  radical  changes  may  be  brought  about  naturally, 
and  often  occur  as  a  result  of  pollution. 

LITERATURE  CITED 

ALLEN,  W.  E.,  1928.  Review  of  five  years  of  study  on 
phytoplankton  at  southern  California  piers,  1920-1924 
inclusive.  Bull.  Script's  lust.  Octonog.  Tech.  Str.,  1: 
357-401. 

ATKINS.  W.  R.  G,  1928.  Seasonal  variations  in  phos¬ 
phate  and  silicate  content  of  sea  water  during  1926  and 
1927  in  relation  to  the  phytoplankton  crop.  J.  Marine 
Biol.  A tsc.\  U.  K„  73.191-205. 

BALKCH.  E.,  1960.  The  changes  in  the  phytoplankton 
population  off  the  C alifomia  coast.  Seripps  lust. 
Oceauog.  Ctmlr.  J960.499-S04, 


DIATOM  COMMUNITIES  IN  ESTUARIES 


315 


BRAARUD,  T.(  and  B.  HOPE,  19S2.  The  annual  phvto- 
plankton  cycle  of  a  landlocked  fiord  near  Bergen.  Refit. 
Nonveg.  Fisheries  and  Marine  invest.,  9(16). :  1—26. 

CASTENHOLTZ,  R  W.,  1963.  An  experimental  study 
of  the  vertical  distribution  of  littoral  marine  diatoms 
Limnol.  Oceanog,,  8(4)  .'450-463. 

DAVIDSON,  V.  M.,  and  A.  G.  HUNTSMAN,  1926. 
The  causation  of  diatom  maxima.  Trans.  Roy.  Soc. 
Can..  Sect.  V ,20.119-125. 

GRAN,  H.  H„  1912.  Pelagic  plant  life.  In  Depths  of  the 
Ocean,  edited  by  J.  Murray  and  T.  Hjort ;  pp.  307-386. 
Macmillan  and  Co.,  Ltd.,  London. 

GRAN,  H.  H.,  and  T.  BRAARUD,  1935.  A  quantitative 
study  of  the  phytoplankton  in  the  Bay  of  Fundy  and  the 
Gulf  of  Maine.  J.  Biol.  Board  Can.,  1  .'279-467. 

GU1LLARD,  R.  R  L.,  and  V.  CASSIE,  1963.  Minimum 
cyanocobalamin  requirements  of  some  marine  centric 
diatoms.  Limnol.  Oceanog.,  8(2)  :161~165. 

GUNTHER,  E.  R.,  1936.  A  report  on  oceanographical 
investigations  in  the  Peru  coastal  current  Discovery 
Refit.,  73.107-276. 

HARVEY ,  H.  W.,  L.  H.  N.  COOPER,  M.  V.  LtBOUR 
and  F.  S.  RUSSELL,  1935.  Plank  .on  production  and 
its  control.  J.  Marine  Biol.  Assoc.  U.  K.,  20: 407-441. 

HENTSCHEL,  E.,  1928.  Die  Grundruge  der  Plankton- 
verteilung  im  Siidatlantischen  Ocean.  Intern.  Rev.  Ges. 
Hydrobiot.  u.  Hydrog.,  27.T-16 

HULBURT,  E.  M.,  1963.  Distribution  of  phytoplankton 
in  coastal  waters  of  Venezuela.  Ecology,  44(1): 169-171. 

HULBURT,  E.  M„  and  J.  RODMAN,  1963.  Distribu¬ 
tion  of  phytoplankton  species  with  respect  to  salinity 
between  the  coast  of  southern  New  England  and  Ber¬ 
muda.  Limnol.  Oceanog.,  8(2):262-20). 

LILL1CK,  L.  C.,  1937.  Seasonal  studies  of  the  phyto¬ 
plankton  of  Woods  Hole,  Mass.  Biol.  Bull.,  73:488-503. 

MARSHALL,  S.  M„  and  A.  P.  ORR,  1928.  The  photo¬ 
synthesis  of  diatom  cultures  in  the  sea.  J.  Marine  Biol. 
Assoc.  U.  K„  75:321-360. 


PATRICK,  R,  M.  H.  HOHN,  and  J.  R  WALLACE. 
1954.  A  new  method  for  determining  the  pattern  of 
the  diatom  flora.  Nctulae  Naturae  Acad.  Nat.  Sei. 
PhUa.,  259: 1-12. 

PATTEN.  B.  C,  1961.  Preliminary  method  for  estimat¬ 
ing  stability  in  phytoplankton.  Science,  734:1010-1011. 

PATTEN,  B.  C,  R.  A.  MULFORD,  and  J.  E.  WARIN- 
NER,  1963.  An  annual  phytoplankton  cycle  in  the 
lower  Chesapeake  Bay.  Chesapeake  Sci.,  4(1):  1-20. 

RILEY,  G.  A.,  1941.  Plankton  studies.  IV.  Georges 
Bank.  Woods  Hole  Oceanog.  Inst.  Coll.  Papers,  287. 

RILEY,  G.  A.,  1942.  The  relationship  of  vertical  turbu¬ 
lence  and  spring  diatom  flowering.  /.  Marine  Res., 
5: 67-87. 

RILEY,  G.  A.,  1959.  Environmental  control  of  autumn 
and  winter  diatom  flowerings  in  Long  Island  Sound. 
Intern.  Oceanog.  Congr.,  1959;  Preprints,  850-851. 

SATO,  S.,  1958.  Ecological  studies  on  attaching  diatoms, 
with  special  reference  to  the  relations  to  planktonic  and 
benthic  diatoms.  I.  General  aspects  of  the  seasonal 
variation  of  the  attaching  diatoms  at  the  Shiogama 
Harbour.  Bull.  Tohoku  Regional  Fisheries  Res.  Lab., 
77:94-111. 

SUBRAHMANYAN.  R,  and  A.  H.  VISWANATHA 
SARMA,  1960.  Studies  on  the  phytoplankton  of  the 
west  coast  of  India.  III.  Seasonal  variation  of  the 
phytoplankters  and  environmental  factors.  Indian  J. 
Fisheries,  7(2) :3 07-336 

UYENO,  F.,  1957.  The  variation  of  diatom  communities 
and  the  schematic  explanation  of  their  increase  in  Osaka 
Bay  in  summer.  111.  Schematic  explanation  of  increase 
of  diatoms  in  relation  to  the  distribution  of  chlorinity. 
J.  Oceanog.  Soc.  Japan,  13(3):  107-1 10. 

YENTSCH,  C  S„  and  J.  H.  RYTHER  1959.  Relative 
significance  of  the  net  phytoplankton  and  the  nanno- 
plankton  in  the  waters  of  Vineyard  Sound.  Conseil 
Perm.  Intern.  Exploration  Mer,  24(2): 231-238. 


The  Plankton  of  Fttuaries 
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The  estuarine  environment,  commonly  denoted  as  a 
river  mouth,  an  enihayment,  or  a  narrow  sound,  has 
many  variants.  Biologically  speaking,  it  has  the  com¬ 
mon  denominator  that  the  semi-enclosed  nature  of  this 
environment  permits  the  maintenance  of  a  population 
that  is  at  least  native,  if  not  strictly  endemic. 

The  salinity  is  usually  altered  from  that  of  sea 
water,  and  ir<  a  typical  estuary-  the  salinity  is  reduced. 
Some  investigators  recognize  the  term  "negative  estu¬ 
ary”,  denoting  an  embayment  with  little  freshwater 
drainage  and  with  sufficient  evaporation  to  increase 
the  salinity  significantly.  In  its  biological  generalities 
this  kind  of  estuary  is  somewhat  similar  to  the  fresh¬ 
ened  one,  although  the  details  of  species  composition 
will  be  very  different. 

The  real  division  is  between  the  shallow  ,  well-mixed 
estuary  and  the  fjord.  The  latter  is  usually  well  strati¬ 
fied  and  may  have  severely  reduced  oxygen  in  tlic 
lower  waters.  As  an  environment  for  plankton,  it 
ranges  from  virtually  oceanic  to  conditions  which  are 
quite  specialized,  but  nearly  the  opposite  of  those 
found  in  shallow  estuaries. 

It  should  be  apparent  at  this  point  that  the  plankton 
of  estuaries  cannot  be  discussed  in  generalized  terms, 
ft  seems  desirable  to  limit  this  discussion  to  some 
particular  types,  ami  those  which  arc  chosen  lierc  are 
the  shallow  estuaries  of  reduced  salinity,  which  arc 
the  most  common  ones. 

On  the  east  coast  of  the  United  States  is  a  -c  ries  of 
large  bays  ami  sounds  of  thi*  general  typ.,  including 
Narragansett  Bay.  Long  Islam!  Sound,  the  Delaware 
and  (~he*a|ieake  Bays,  ami  the  Alhemarle  and  Pamlico 
Sounds,  together  with  mam  smaller  hays  ami  tu- 
aries.  These  have  b-cn  studied  with  varying  degrees 
of  intensity  and  with  difference*  in  focus,  but  enough 
information  is  available  to  ,-scnhe  their  characlerit- 
ttes  with  some  degree  of  generality. 

the  ksti  xkim:  ENVIRONMENT 

Scene  of  the  general  icatures  of  shallow  estuanre 
environments  ami  their  biological  significance  include 
morphometric  features,  temperature  and  salinity,  cir¬ 
culation.  am!  the  cycling  rate  of  dements. 

MoaritourrvK  Fituiu 

The  degree  of  enclosure  and  shape  oi  the  la *01  are 
significant  items.  The  degree  of  enclosure  i«  sufficient 
to  maintain  an  encironment  that  is  distinctly  different 
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front  that  of  offshore  waters  ami  to  protect  its  |>opu!a- 
tion  from  catastrophic  loss  by  water  exchange.  The 
imputation.  of  course,  will  be  continually  diluted  by 
exchange  with  offshore  waters  and  will  be  seeded  by 
offslktrr  pojntlations,  a  system  which  fosters  selection 
by  biological  cuni|>etition  of  tln»sc  species  which  are 
able  to  maintain  the  most  effective  growth  rate  under 
the  prevailing  conditions. 

The  shallow  nature  nf  the  hasin.  frequently  accentu¬ 
ated  in  its  effects  by  rapid  tidal  mixing,  provides  con¬ 
ditions  that  arc  optimal  tor  rapid  cycling  of  the  bi¬ 
ological  ami  chemical  resources  of  the  environment. 
Nutrients  produced  on  the  bottom  by  hactcri.il  regen¬ 
eration  and  animal  excretion  are  rapidly  returned  to 
the  phytoplankton.  Organic  metabolites  produced  on 
tlie  bottom,  such  as  coKalamin.  prol<ab!y  have  a  very 
si.-piificant  influence  on  the  conqiosilion  of  phytoplank¬ 
ton  species.  Eimking  at  the  matter  irotii  a  different 
jwsint  of  view,  a  depth  of  water  within  or  not  greatly 
exceeding  the  potential  depth  of  the  euphotic  znnr 
provules  benthic  filter  feeders  and  siqierficial  iletritu* 
leeilers  with  an  ahumlant  food  supply.  This  result* 
in  an  alwndant  bottom  fauna,  prohatily  somewhat  at 
the  cx|>eii*e  of  zooplankton,  as  comturcd  with  ilce]>er 
water;  offslure  wherr  zooplankton  is  able  to  eat  al¬ 
most  all  of  the  phytoplankton  that  is  produced  But. 
in  general,  thi*  lca>L*  to  rapid  cycling,  a  relatively 
high  lead  of  primary  prmluctivity.  ami  a  smoothing  of 
tlie  seasonal  cycle  of  plr.  t<-plankt  m 

Trunk  stt'it  ami  Sai  i.mtv 

Shallow  water  ami  proximity  to  laml  promote  lieat 
excltangr  ami  lead  to  an  rxtrrme  range  in  the  tern 
pcr.tiurc.  There  is  mi  escape  front  winter  rigors  ami 
generally  no  summer  refuge  for  cold-water  stroo 
therms  in  tlie  hottotn  waters.  A  »urpri-ing  numlirr  of 
the  common  species.  both  ph<  toplankfim  ami  ztai;>lank 
ton.  ran  thrne  through  nu  st  or  all  of  a  seavmal  trni 
prrature  range  that  may  he  as  much  a*  -?*  T  or 
more,  ami  rurylhemty  is  certainly  a  salient  feature  of 
the  estuarine  pifsiUtini 

The  reduced  salinity  of  estuaries  proitaMy  limit*  llw 
population.  This  t*  almost  certainly  true  in  cases  of 
extreme  !,eshcnmg.  and  even  in  less  marked  case* 
there  *s  v«tie  indication  of  this  But  the  argument  for 
direct  effect*  of  salinity  usually  hecomr*  tetnxxi*  Ujssi 
close  examination  Organisms  can  comiKmly  tolerate 
a  Iow-.-t  salinity  in  laboratory  rr|rrmimti  llan  in 
their  normal  habitat,  and  the  normal  salinity  range 
for  a  particular  species  may  vary  considerably  even 
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from  one  estuary  to  another.  The  biologist  tends  to 
conclude,  m  such  cases,  that  salinity  operates  in  an 
indirect  way,  affecting  the  delicate  balance  of  inter¬ 
specific  competition  at  ranges  that  are  well  within  the 
limits  of  absolute  tolerance,  but  critical  information  on 
this  kind  of  problem  is  difficult  to  acquire. 

Circulation 

The  amount  of  inflow  of  fresh  water  and  the  rate 
of  exchange  with  coastal  waters  regulate  the  salinity 
of  an  estuary,  which  presumably  is  important,  al¬ 
though,  as  just  indicated,  its  importance  is  not  easily 
documented.  The  fresh  water  usually  enriches  the 
estuary.  This  may  include  an  organic  as  well  as  an 
inorganic  input  of  nutrients,  and  the  organic  sub¬ 
stances  may  have  a  qualitative  influence  on  species 
composition  as  well  as  a  generally  enriching  effect. 
Vishniac  and  Kiley  ( 1961 )  found  a  distribution  of 
thiamine  in  Long  Island  Sound  which  indicated  that 
it  was  largely  derived  from  drainage,  as  contrasted 
with  cohalamin  which  was  distributed  more  uniformly 
ami  seemed  to  be  a  product  of  benthic  metabolism. 

Kstuaries  with  a  considerable  depth  of  water  and 
with  vertical  density  gradients  at  their  mouths  com¬ 
monly  have  a  two- layered  transport  system  in  which 
a  fresliened  surface  layer  moving  seaward  is  replaced 
by  an  inflow  of  more  saline  water  at  the  bottom.  If 
the  water  is  sufficiently  deep  to  develop  a  negative 
gradient  in  nutrients  so  that  a  nutrient-poor  surface 
layer  drains  of!  and  is  replaced  by  inflowing  bottom 
water  that  is  comparatively  rich,  the  exchange  pattern 
will  enrich  the  estuary.  Harris  ( 1959)  analyzed  the 
exchange  pattern  in  Long  Island  Sound  with  refer 
cnee  to  nitrogenous  nutrients,  which  were  the  most 
important  limiting  factors  in  that  area,  and  concluded 
that  enrichment  from  the  two-layered  transport  system 
was  approximately  equal  to  that  supplied  by  fresh¬ 
water  drainage. 

in  this  particular  system,  an  as  yet  unpublished 
analysis  of  salinity  balance  indicates  that  excessive 
freshwater  drainage  results  in  a  rapid  outflow  of  a 
thin,  freshened,  and  highly  stable  suriaee  layer,  with 
an  actual  reduction  of  mass  interchange  between  the 
main  body  of  Sound  wat-  r  and  the  outlying  coastal 
region.  In  more  thoroughly  mixed  estuaries,  increased 
drainage  increases  the  flushing  rate  (  Kctchum.  1951  ). 
•  ne  dynamics  of  the  estuarine  exchange  system  have 
been  discussed  by  Cameron  and  Pritchard  *  J9eJ  >  at 
some  length.  For  present  purposes  it  is  important 
only  to  point  out  that  considerable  differences  exist  <n 
the  types  of  exchange  and  that  these  differences  are 
important  biologic  ally,  affecting  both  nutrient  balance 
and  exchange  of  populations 

Another  commem  factor  associated  with  freshwater 
drainage  and  estuarine  circulation  is  the  delivery  of 
a  kxad  of  ru er  borne  uh.  This  can  have  the  immedi¬ 
ate  effort  of  reducing  transparency  and  tending  to 
offset  the  effects  of  nutrient  enrichment  upon  the  level 
of  primary  productiv'H  There  will  be  sorption 
processes  that  conceivably  can  affect  mineral  nutrition 
of  phytoplankton.  Deposition  of  sih  in  an  enclosed 


basin  can  alter  bottom  sediments  to  a  point  that  dras¬ 
tically  affects  higher  elements  of  the  trophic  system. 
The  extensive  mud  bottoms  found  in  many  estuaries 
are  more  favorable  for  micro  fauna  and  microbial 
flora  than  for  the  support  of  potential  fish  food.  Some 
of  these  estuaries,  despite  their  high  level  of  primary 
productivity,  are  disappointing  in  terms  of  practical 
returns  to  mankind,  and  serve  as  a  brake  to  optimistic 
notions  of  dramatically  increasing  food  yields  by  arti¬ 
ficial  fertilisation. 

Cycling  Rat*  op  Elements 

In  deep  ocean  waters,  with  residence  times  of  some 
hundreds  of  years,  biological  transformations  tend  to¬ 
ward  completion,  and  additions  of  nonconservative 
concentrations  are  approximately  in  proportion  to 
their  concentrations  in  organisms.  Then,  when  deep 
water  is  transferred  into  the  surface  layer  by  vertical 
diffusion  or  advection,  it  is  well  supplied  with  a  bal¬ 
anced  array  of  the  elements  required  for  phytoplank¬ 
ton  growth. 

The  fertility  uf  coastal  and  estuarine  waters  is  gen¬ 
erally  high,  but  the  balance  of  essential  elements  is  not 
so  simply  regulated.  During  much  of  the  year  ele¬ 
ments  are  used  as  fast  as  they  are  returned  to  the 
water,  and  the  rate  of  cycling,  rather  than  the  total 
potential  stock  of  the  element,  becomes  crucial  in  de¬ 
termining  what  factor  will  be  most  important  in  limit¬ 
ing  production.  Commonly  N:P  ratios  are  low  as 
compared  with  open  ocean  waters,  and  nitrogen  is 
likely  to  be  an  im;«rtant  limiting  factor.  It  is  com¬ 
monly  supposed,  with  some  support  from  experimental 
work  on  rates  of  bacterial  degradation  of  plankton 
material,  that  this  is  due  to  a  relatively  slow  rate  of 
regeneration  of  nitrogenous  materials  This  situatir-i 
is  typical  of  coastal  waters  in  general,  although  it  is 
particularly  marked  in  estuaries. 

This  discussion  merely  touche*  on  the  important 
issues.  Certainly  some  of  t!ie  fertility  of  coastal 
waters  Urpends  upon  the  fact  that  deep,  nutrient  rich 
water  which  is  originally  a  balanced  medium  is  cast 
upon  the  continental  shelf.  But  it  is  transported  shore¬ 
ward  with  much  recycling  along  the  way.  and  the  rate 
of  recycling  is  important  in  determining  the  propor¬ 
tions  of  the  elements  that  finally  reach  the  shore  zone 
and  the  estuaries.  But  these  effects  can  he  altered  in 
various  ways  by  the  kind  and  quantity  of  freshwater 
enrichment.  The  effect  of  freshwater  drainage  prob¬ 
ably  ha*  been  uveTemfiiiasircd  in  textbooks,  but  can¬ 
not  be  discounted  ftrfh  kinds  of  processes  tend  to 
enrich  estuarine  waters,  but  many  aspects  of  nutrient 
.  tele*  arc  only  vaguriy  undeiiloud  and  need  further 
study. 

I’ll  YTOP1  _A  N  K  TO  \ 

QvxxtiTATiv*  Avert rs  or  r»i*  Seasonal  Cycle 

Having  characterized  the  rstaahne  environment  in 
broad  terms,  we  turn  now  to  a  eonssderation  of  phyto¬ 
plankton  populations,  drawing  particular!*  upon  stud¬ 
ies  of  Narraganxett  Bay  by  Sraayda  ( 1957).  of  Long 
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Island  Sound  by  S.  Conover  (1956)  and  Riley  and 
S.  Conover  ( 1956),  and  of  Chesapeake  Bay  by  Cowles 
(1930).  Useful  comparisons  can  be  made  with  in¬ 
shore  coastal  populations  in  the  Gulf  of  Maine  ( Burk¬ 
holder,  1933;  Bigdow  ft  of.,  1940).  Woods  Hole  Har¬ 
bor  (Fish,  1925),  and  southern  New  England  coastal 
waters  ( Litlick,  1937;  Riley,  1952).  Unpublished  data 
by  Conover  and  the  present  writer  will  be  drawn  upon 
extensively.  There  is.  in  addition,  a  large  body  of 
literature  on  inshore  and  estuarine  waters  of  Britain. 
Scandinavia,  and  Japan,  which  will  not  lie  quoted 
extensively,  but  is  essentially  in  agreement  with  the 
results  reported  here. 

We  shall  deal  first  with  some  gross  quantitative  as¬ 
pects  of  the  seasonal  cycle.  There  is  a  period  of  rela¬ 
tive  poverty  from  midautumn  to  midwinter  in  most 
estuaries,  when  growth  is  minimal  because  of  reduced 
light  intensity  and  winter  turbulence.  During  this 
period  regeneration  of  nutrients  exceeds  utilisation, 
and  nutrient  concentrations  rise  to  a  high  level.  The 
stage  is  being  set  for  the  so-called  spring  diatom 
flowering,  which  is  really  likely  to  be  a  mid-  to  late- 
winter  flowering  in  most  estuaries,  rather  than  a 
spring  dowering. 

The  flowering  is  triggered  by  the  vernal  increase  in 
light  intensity.  Many  years  ago  Atkins  ( 1928)  dem¬ 
onstrated  that  year-to-year  fluctuations  in  the  time  of 
the  flowering  in  the  English  Channel  depended  on  the 
amount  of  radiation  during  the  preceding  month. 
Similar  observations  ha*e  been  obtained  in  other 
areas,  and  there  is  now  link  doubt  of  the  validity  of 
that  kind  of  analysis,  although  admittedly  there  are 
complexities  which  prevent  comparison  of  different 
areas  on  such  an  unsophisticated  basis.  For  the  mo¬ 
ment  it  seems  desirable  to  consider  the  simplest  as¬ 
pects  of  the  initiation  of  the  flowering.  The  com¬ 
plexities  and  the  qualifications  will  be  taken  up  later 

During  six  scars  of  observation*  in  l-ong  Island 
Sound,  the  peak  of  the  flowering  varied  between  late 
January  and  early  March.  Examination  of  environ 
mental  ilata  indicated  that  the  radiation  level  during 
the  period  from  nudl  tec  ember  to  the  onset  of  the 
flowering  was  the  nun!  important  factor  involved 
There  was  also  an  indication  of  an  inverse  trmprra 
lure  effect.  The  rationale  here  is  flat  an  merrase  in 
phytoplankton.  which  seems  t<  he  largrlv  controlled 
by  radiation.  <let«evvds  <**  an  excess  of  photo** nthesis 
over  respiratHcv  which  ha*  a  vtriwg  temperature 
effect.  \n  equation  tcprrv  tiling  tins  rrlalwwvditp  s» 
postulated  as 

jt  jt  -  t  [/i  /*!  -  i  mrv  “*r  h.  1 1 « 

where  t'  is  *g  of  rhl««tnpfi*!|  a  per  liter  in  the  total 
phvloplanktnn  js^mlalion  /,  is  inodnit  radiation  in 
g  cal  cm  1  da>  \  and  i'  is  temperature  in  eenti 
grade  The  temperature  iunetuw*  i*  expresses!  in  a 
form  -.mpJvmg  that  rr-»pt.' atuwv  Has  a  t»<  2  ami 

with  a  nmviant  that  ,s  essmtiallv  in  agremimt  with 
experimrtvUl  ilata  on  phvtupUnkt-ai  tespiralmn. 

Figure  I  shows  radiation  and  temperature  data 
uwd  in  this  problem  and  also  in  a  later  anal* sis  of 
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autumn  flowering!.  Vertical  stability  is  also  included ; 
it  has  no  significance  here  but  will  be  used  later. 

The  combination  of  observed  radiation  and  tem¬ 
perature  and  observed  changes  in  chlorophyll  in  the 
Sound  can  now  be  used  for  statistical  derivation  of  the 
radiation  function  in  equation  (1).  The  best  statisti¬ 
cal  fit  is 

dt  dt  =  1(0.0003!/,  -  .OI75e  f  0.007).  <  »> 

This  is  obtained  by  first  computing  coefficients  of 
mean  daily  increase  tn  chlorophyll  between  successive 
observation  dates  and  then  subtracting  the  postulated 
respiratory  function ;  the  difference  is  then  correlated 
with  radiation.  The  small  constant  of  0.007  in  the 
equation  is  merely  the  statistically  computed  constan, 
in  the  regression  equation.  It  has  no  biological  mean¬ 
ing,  but  is  small  enough  '  V  of  no  real  concern. 

Application  of  equation  (2)  to  observed  valict  of 
radiation  and  temperature  provides  an  estimate  of 
relative  changes  in  chlorophyll  during  the  period  in 
question.  These  changes  were  converted  to  absolute 
concentrations  by  adjusting  the  relative  concentra- 
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turns  so  that  then  mean  value  during  the  whole  period 
was  equal  to  the  observed  mean.  The  computed  values 
are  compared  ;n  Figure  2  with  observed  chlorophyll, 
and  the  degree  of  agreement  leaves  little  doubt  that 
the  main  factors  have  been  identified. 

As  indicated  earlier,  this  treatment  is  oversimpli¬ 
fied.  A  complex  of  factors,  including  incident  radi¬ 
ation.  transparency  of  the  water,  turbulence,  and 
depth,  determine  whether  the  average  amount  of  light 
in  the  vertical  column  will  be  sufficient  to  support  an 
increase  in  the  population  as  a  whole.  These  com¬ 
plexities  may  he  ignored  in  studying  a  particular  area, 
at  least  ir  a  shallow  and  well-mixed  body  of  water, 
because  most  of  the  factors  other  than  radiation  are 
more  or  less  constant  front  tear  to  tear.  However, 
comparison  of  different  areas  requires  a  more  detailed 
treatment  No  one  has  as  tel  devised  a  fully  satis¬ 
factory  means  of  comparison.  hut  Riley  I  1957  l  sug¬ 
gested  a  ru*e  of  thur.tfi  which  deserves  brief  mention. 

Assume  first  a  thorough  mixing  of  a  column  of 
water  l*  I  wren  the  surface  and  a  depth  r.  which  may 
hr  the  total  depth  of  water  in  a  shallow-  area,  or  mav 
represent  a  disroot mmtv  User  which  puts  an  effective 
limit  on  further  downward  mixing  Within  the  Iranse- 
work  ot  this  assumption,  the  mean  amount  of  light 
received  hv  each  phslapUnhtiws  cell  will  equal  the 
mean  light  /  in  the  water  column  above  depth  r. 
which  i»  given  by 

/  =  /.»*  ft  -  r  (31 


where  k  is  the  extinction  coefficient,  and  other  quanti¬ 
ties  are  as  previ  isly  defined.  We  may  suppose  that 
a  certain  critic .!  value  of  /  must  be  exceeded  before 
effective  increase  can  occur.  Comparison  of  a  num¬ 
ber  of  areas  suggests  that  the  critical  level  is  about 
40  g  cal  day.  The  formula  suggests  tint  in  some  very- 
shallow  waters  growth  may  never  be  sev  iously  limited 
by  winter  reduction  in  radiation.  This  may  be  true 
of  Narragansett  Ray.  where  Smayrla  ( 1957 )  found  a 
winter  flowering  beginning  to  develop  in  December, 
although  the  peak  was  not  reached  until  January.  In 
most  estuarine  and  coastal  waters  of  29-50  m  depth 
the  flowering  is  likely  to  start  between  mid-January 
and  mid-March.  In  deeper  waters  the  flowering  com¬ 
monly  does  not  begin  until  the  onset  of  thermal  sta¬ 
bility  in  midspring  (Bigelow  el  a/.,  1940;  Riley. 
1957),  when  the  depth  of  effective  vertical  mixing 
becomes  limited  and  the  mean  radiation  in  the  surface 
layer  immediately  rises  well  above  the  critical  level. 

Once  underway,  the  flowering  progresses  to  a  peak 
which  is  large  in  estuaries,  but  not  markedly  larger 
than  in  often  coastal  or  hank  waters.  T -munition  of 
the  flowering  may  be  caused  by  one  or  mote  factors, 
including  grazing  by  zooplankton,  depletion  of  essen¬ 
tial  nutrients,  and  self-inhibition  caused  by  an  in¬ 
crease  in  the  turbidity  of  the  water  and  reduction  in 
effective  light  intensity  for  the  population  as  a  whole. 

Over  thirty-  years  ago  Harvey-  ft  of.  (1935)  docu¬ 
mented  the  importance  of  grazing  in  terminating  the 
flowering  in  the  English  Channel,  and  Marshall  el  al. 
( 1934)  showed  that  the  first  spring  brood  of  Calomu 
jlnunliou  in  Loch  Striven  develop*  during,  and 
presumably  as  a  result  of.  the  flowering.  More  recent 
work  by  Cush-""  '  1961 )  and  others  continues  to 
stress  the  importance  of  the  grazing  phenomenon. 

In  many  of  our  local  estuaries,  however,  the  main 
vernal  increase  in  zooplankton  comes  well  after  the 
flowering.  Toward  the  end  of  the  flowering,  we  have 
observed  large  concentrations  of  diatoms  in  the  U  : 
tom  waters  and  in  the  superficial  layer  of  bottom  sedi¬ 
ments.  indicating  sinking  of  unconsumcd  diatoms 
Termination  of  the  flowering  appears  to  be  most  ob¬ 
viously  a  result  of  depletion  of  one  or  more  nutrients, 
commonly  nitrate,  and  while  an  ecologist  must  be  very 
brave  to  claim  complete  ecological  control  of  any 
situation  by  just  one  factor,  certamlv  nutrient  deple¬ 
tion  semis  to  be  the  most  significant  one  in  the 
present  case 

Nutrients  emtinue  to  be  limiting,  moreover, 
through  much  of  the  rest  of  the  year  Of  course  the 
keynote  of  the  estuarine  situation  during  spring  and 
summer  is  thr  rapid  turnover  of  essential  nut  runts 
Feeding  by  animals  and  recycling  of  metabolic  pr<*l 
wets  are  rapsd.  and  vertical  stability  is  seldom  strung 
enough  to  kef  up  the  store  of  materials  regenerated 
bs  benthic  fauna  and  flora  There  may  he  a  quasi 
steady  stale  oe  a  senes  of  smalt  flowerings  There 
mas  even  be  ncrauona!  Urge  flowerings  of  the  type 
commonly  designated  a*  red  tides.  particuUrly  in 
small  harbors  and  estuaries  subiect  to  considerable 
freshwater  drainage  and  some  pollution. 
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Experiments  indicate  that  the  level  of  primary  pro¬ 
ductivity  may  be  almost  as  high  in  summer  as  it  is 
during  the  winter  flowering  (S.  Conover,  1956;  Riley, 
1941,  1956),  desp:,e  the  fact  that  the  standing  crop  of 
phytoplankton  is  much  lower  and  the  concentration  of 
limiting  nutrients  may  be  almost  immeasurably  small. 
The  effect  of  high  productivity  is  chiefly  noticeable  in 
the  maintenance  of  an  abundant  stock  of  animals. 

In  teni|)erate  oceanic  w,  ters,  by  contrast,  the  period 
of  summer  stability  is  one  of  relative  poverty  in  the 
surface  layer.  With  graduat  deepening  of  the  ther- 
mocline  in  Lte  summer  or  early  autumn,  nutrients 
that  have  been  locked  up  in  the  thermocline  are  re¬ 
leased  to  the  surface  layer,  commonly  resulting  in  an 
autumn  diatom  flowering. 

Autumn  flowerings  in  some  estuaries  rival  or  ex¬ 
ceed  the  winter  diatom  maximum.  In  others  they  are 
reduced,  absent,  or  only  occasionally  present.  When 
they  do  xcur,  they  can  hardly  be  regarded  as  analo¬ 
gous  to  those  in  oceanic  waters.  There  is  no  great 
stock  of  nutrients  to  be  had  simply  by  destruction  of 
summer  stability,  for  tidal  mixing  prevents  the  accu¬ 
mulation  of  such  a  stock.  There  is  commonly  a  small 
increase  V  nutrient  supply  in  late  August  or  Septem¬ 
ber,  but  this  finds  no  ready  explanation  except  in 
terms  of  a  slight  shift  in  biological  balance — a  de¬ 
crease  in  phytoplankton  production  with  declining  ra¬ 
diation,  or  increased  regeneration  at  the  time  of  the 
seasonal  temperature  peak,  or  both. 

In  Long  Island  Sound  two  requirements  for  an 
autumn  flowering  are  a  preliminary  slight  increase 
in  nitrate  and  a  slight  degree  of  stability  in  the  water 
column.  The  latter  may  be  due  either  to  a  lingering 
remnant  of  the  seac  ‘•mil  thermocline  or  a  salinity 
gradient  that  has  ex  '.ally  been  present  as  a  result 
of  excessive  fresliw,.^.  drainage  following  a  hurri¬ 
cane.  When  both  of  these  requirements  are  met,  an 
autumn  flowering  deve.ops  in  the  upper  m. 

The  stability  requirement  and  its  occurrence  only 
in  the  surface  layer  suggest  that  light  limitation  is 
critical  in  early  autumn.  This  may  seem  paradoxical, 
for  the  radiation  level  is  higher  than  in  the  late  winter 
when  the  other  flowering  develops,  although  stability 
is  negligible  at  that  time.  However,  the  phytoplankton 
respiratory  requirement  is  also  greater  because  of 
high  temperature,  and  there  is  more  zooplankton  graz¬ 
ing  at  that  season. 

A  statistical  analysis  was  developed,  comparable  to 
the  one  for  winter  flowerings,  hut  with  a  more  com¬ 
plicated  algebraic  and  statistical  manipulation  of  terms 
in  order  to  state  the  variables  in  as  meaningful  a  way 
as  possible.  The  result  is 

dCldl  =  C  [(0.00031  +  2.<8 E)l0  -  0.152],  (43 

where  the  stability  E  (10— \W«i)  is  an  average 
figure  for  the  whole  vertical  column.  The  results  are 
statistically  significant  (l1  <  .001).  although  the  cal¬ 
culated  curves  in  Figure  3  show  a  poorer  measure  of 
agreement  with  observed  chlorophyll  data  than  in  tiie 
earlier  analysis. 

It  will  be  noted  in  equation  (4)  that  as  stability 


Fig.  3.  Comparison  of  observed  chloiophyll  in  autumn 
flowerings  with  values  computed  from  equation  (4). 


approaches  zero,  the  radiation  function  approaches 
the  value  previously  determined  in  equation  (2). 
These  essentially  identical  functions  have  of  course 
both  been  derived  statistically — a  matter  of  some  in¬ 
terest,  since  they  show  no  evidence  of  any  seasonal 
ciiange  in  the  relation  between  radiation  and  photo¬ 
synthesis.  As  far  as  species  composition  is  concerned, 
two  species  are  major  constituents  in  both  autumn 
and  winter  flowerings,  while  certain  others  arc  im¬ 
portant  in  one  flowering  or  the  other,  but  not  both. 

The  final  term  in  equation  (4)  is  a  statistically  de¬ 
rived  constant  which  is  assumed  tc  represent  the  com¬ 
bined  effects  of  grazing  and  phytoplankton  respiration 
and  is,  in  fact,  a  reasonable  figure  for  this  time  of  the 
year.  The  average  temperature  in  St  itember  and 
October  is  about  18“  C\,  and  the  respiratory  coeffi¬ 
cient  according  to  equation  (2)  should  be  about  0.061. 
The  September-October  zooplankton  crop  has  aver¬ 
aged  about  0.73  mi/nr1  displacement  volume.  Acartia 
tonsil  is  the  dominant  species.  According  to  grazing 
experiments  by  Conover  (1956),  this  species  is  able, 
at  the  prevailing  temperature,  to  graze  at  a  rate  of 
i  20  1  of  water  swept  clear  of  phytoplankton  per  ml 
displacement  volume  in  a  day.  Applying  this  figure 
to  the  total  zooplankton  crop,  the  daily  filtration 
would  lie  88  I/m3  or  0.088  of  the  phytoplankton  crop. 
The  sum  of  estimated  respiratory  and  grazing  coeffi¬ 
cients  is  0.149,  essentially  in  agreement  with  the  con¬ 
stant  in  equation  (41. 

Si'kcif.s  Composition 

The  phytoplankton  of  estuaries  tends  to  be  abun¬ 
dant  in  total  quantity,  but  limited  as  to  the  number  of 
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important  species.  Indeed,  a  single  species  of  diatom, 
Skeletoncma  costatum,  is  almost  overwhelmingly  domi¬ 
nant  in  our  east  coast  estuaries  and  inshore  coastal 
waters,  as  well  as  in  similar  habitats  in  other  parts  of 
the  world.  Smayda  (1957)  reported  that  Skeletoncma 
constituted  an  average  of  81  percent  of  the  total  cell 
count  in  Narragansett  Bay.  Similar  results  are  com¬ 
mon  elsewhere. 

There  is  also  a  considerable  degree  of  agreement 
as  to  general  species  lists  obtained  in  the  various  es¬ 
tuaries,  although  the  relative  importance  of  particular 
species  may  vary  considerably.  Smayda  listed  ten 
species  and  three  groups  of  uncertain  specific  identi¬ 
fication  which  were  the  most  important  forms  in  lower 
Narragansett  Bay  and  together  constituted  94  per¬ 
cent  of  the  total  population.  Of  these,  only  three 
would  warrant  similarly  high  rank  in  Long  Island 
Sound,  but  all  ten  were  occasionally  important  in  the 
latter  area  and  certainly  would  be  included  among  the 
first  30  species.  Reasons  for  these  minor  differences 
are  generally  speculative,  although  the  types  of  en¬ 
vironment  give  some  clues  as  to  species  requirements. 
For  example,  there  is  a  considerable  array  of  winter 
and  spring  species  in  the  southern  New  England 
waters  which  have  more  extensive  seasonal  occurrence 
north  of  Cape  Cod  and  presumably  may  be  regarded 
as  cold  stenotherms.  Relations  between  seasonal  oc¬ 
currence  in  different  areas  and  the  depth  of  water 
sometimes  provide  clues  as  to  tolerance  to  temperature 
or  to  low  light  intensity.  There  are  many  apparent 
examples  of  salinity  effects,  but  for  reasons  expressed 
earlier,  these  are  regarded  with  some  suspicion.  One 
of  the  most  clearcut  examples  is  the  diatom  Corethron 
liystrix.  a  common  and  abundant  form  in  coastal 
waters  which  occasionally  achieves  considerable  domi¬ 
nance  in  Long  Inland  Sound,  but  only  when  the  sa¬ 
linity  is  greater  than  27"c. 

Although  the  reasons  for  species  distribution  are 
more  in  the  nature  of  ciues  than  definitive  informa¬ 
tion,  some  generalizations  about  estuarine  communi¬ 
ties  can  be  derived  readily.  S.  Conover  (1956)  de¬ 
scribed  a  two-year  series  of  weekly  phytoplankton 
collections  in  Long  Island  Sound.  Later  six  more 
years  of  sampling  were  carried  out  at  a  somewhat 
reduced  level  of  intensity,  and  the  results  have  been 
examined  and  are  in  preparation  for  publication.  This 
study  constitutes  the  most  extensive  set  of  observa¬ 
tions  available  in  east  coast  estuarine  waters  and  will 
be  used  as  a  basis  for  generalization. 

A  total  of  150  species  has  been  found.  This  list  ex¬ 
cludes  a  number  of  small,  fragile  forms  which  occur 
in  considerable  quantities,  but  are  not  readily  pre¬ 
served.  Of  those  which  could  be  examined  in  pre¬ 
served  samples,  34  species  can  be  designated  as  major 
constituents  by  a  not  very  stringent  criterion,  namely, 
that  the  species  constituted  at  least  five  percent  of  the 
average  c  II  count  in  samples  taken  on  at  least  one 
sampling  date  during  the  eight-year  period. 

Most  of  the  species  removed  by  this  paring  of  the 
list  are  probably  derived  from  outside  coastal  waters 
or  inshore  microhabitats ;  certainly  they  cannot  be  re- 
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garded  as  successful  “native”  species  in  the  main  body 
of  Sound  waters.  However,  some  of  the  remaining 
34  species  also  are  immigrants  in  the  sense  that  they 
have  a  more  successful  existence  in  offshore  waters 
and  only  occasionally  become  important  in  the  Sound. 
Six  species  of  this  sort  have,  at  one  time  or  another, 
comprised  more  than  50  percent  of  the  population,  but 
they  have  failed  to  appear  consistently  year  after  year, 
and  normally  have  only  a  marginal  existence  in  Sound 
waters.  These  include  Asterionella  japonica,  Cera- 
taulina  pelagicus,  Chaetoceros  compresses,  Corethron 
hystrix,  Leptocylindrus  danicus,  and  Nitsschia  striata. 

The  list  can  be  further  pared  by  creating  a  criterion 
that  includes  both  a  measure  of  dominance  and  a  de¬ 
gree  of  consistency  in  the  time  when  the  species  be¬ 
comes  a  major  constituent.  Any  criterion  of  dominance 
that  is  chosen  will,  of  course,  be  somewhat  arbi¬ 
trary;  the  present  one  merely  indicates  that  the  spe¬ 
cies  in  question  are  well  enough  suited  to  the  environ¬ 
ment  to  be  significant  in  normal  patterns  of  seasonal 
succession,  rather  than  strays  which  achieve  some  de¬ 
gree  of  success  on  rare  occasions.  If  we  define  such  a 
species  as  one  which  has  constituted  five  percent  of  the 
population  during  any  particular  month  for  at  least 
four  of  the  eight  years  of  sampling,  the  list  will  be 
reduced  to  13  species,  which  are  shown  in  Figure  4. 

In  this  figure,  the  presence  or  absence  of  a  base 
line  indicates  whether  the  species  was  observed,  at 
least  in  minimal  amounts  in  routine  plankton  counts, 
during  the  month  in  question.  The  small  vertical  lines 
below  the  base  line  indicate  the  number  of  years  that 
the  relative  concentration  exceeded  five  percent  dur¬ 
ing  any  given  month.  In  the  latter  years  of  the  survey 
there  were  occasional  months  when  no  sample  was 
taken;  for  practical  purposes  a  score  of  either  seven 
or  eight  means  that  the  species  was  a  major  con¬ 
stituent  every  year. 

The  curve  above  the  base  line  is  the  average  con¬ 
centration  (percentage  of  total  population)  during  the 
period  when  it  was  a  major  constituent.  The  scale 


Fig,  4.  Seasonal  occurrence,  degree  of  dominance,  and 
frequency  of  year-to-year  occurrence  as  properties  of 
thirteen  of  the  most  important  species  of  phytoplankton 
in  Long  Island  Sound. 
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shows  the  distance  from  one  base  line  to  the  next  one 
above  to  be  equivalent  to  50  percent. 

Two  generalizations  immediately  emerge  from  this 
analysis.  First,  although  a  modest  criterion  has  been 
set  for  rating  the  most  important  species,  only  a  small 
number  can  qualify;  and  second,  most  of  these  are 
present  10-12  months  of  the  year  in  sufficient  abun¬ 
dance  to  be  found  in  ordinary  plankton  counts,  and, 
hence,  must  be  regarded  as  species  with  broad  toler¬ 
ance  to  all  or  most  of  the  rather  extreme  range  of 
environmental  conditions  found  in  such  waters.  This 
is  true  even  of  three  of  the  dinoflagellates,  which  com¬ 
monly  are  regarded  as  being  seasonally  limited.  The 
basic  and  most  consistent  seasonal  succession,  then, 
consists  of  seasonal  pulses  of  growth  of  a  population 
that  is  present  in  recognizable  amounts  virtually  all 
the  time. 

Even  among  species  that  are  more  properly  re¬ 
garded  as  coastal  water  forms,  which  only  occasion¬ 
ally  become  major  constituents  in  the  Sound,  a  simi¬ 
lar  degree  of  tolerance  is  not  uncommon.  In  all,  21 
species  have  been  found  in  the  Sound  at  least  ten 
months  of  the  year. 

Notes  on  individual  species  are  in  order.  Skele¬ 
tonema  costatum  is  preeminently  successful  at  tem¬ 
peratures  of  2-20*  C.  In  unusually  cold  winters  it 
yields  dominance  to  Thalassiosira  nordenskioldii,  and 
in  the  warmest  summer*  several  other  species  are 
more  successful.  Nor  is  this  species  abundant  in  late 
autumn  and  early  winter,  and  limitation  of  light  is 
suspected.  But  it  is  a  generally  successful  dominant 
in  winter  and  early  autumn  flowerings  and  a  major 
constituent  (at  the  five  percent  level,  at  least)  during 
much  of  the  rest  of  the  year. 

Skeletonema  requires  cobalamin,  and  it  has  not  been 
resolved  why  this  species  is  found  only  in  shallow, 
inshore  waters.  The  writer  tends  to  subscribe  to  the 
view  of  vitamin  limitation,  although  the  problem 
needs  further  study. 

The  original  argument  advanced  by  Droop  (1957) 
was  based  on  studies  of  Monochrysis  lutheri  grown 
in  batch  culture  with  varying  amounts  of  added  co¬ 
balamin.  He  assumed  that  Skeletonema  costatum  re¬ 
quired  a  similar  amount  (about  3  molecules  of  B12//»3 
of  cell  tissue),  and,  if  this  were  so,  the  known  quan¬ 
tity  of  cobalamin  in  offshore  waters  would  be  suffi¬ 
cient  to  support  a  sizable  flowering.  Later  studies  by 
Guillard  and  Cassie  (1963)  showed  that  Skeletonema 
had  a  somewhat  higher  requirement  of  about  10  mole- 
cules/#i3,  but  this  was  not  a  serious  discrepancy.  How¬ 
ever,  E.  A.  Wood  (unpublished  dissertation,  Yale 
University)  has  demonstrated  that  the  requirements 
for  chemostatic  production  of  Skeletonema  are  a 
whoic  order  of  magnitude  higher  than  the  figures  ob¬ 
tained  in  batch  cultures,  and  Vishniac  and  Riley 
(1961)  found  that  the  observed  decrease  of  cobalamin 
in  Long  Island  Sound  during  the  winter  flowering 
was  in  agreement  with  a  similarly  high  rate  of  utili¬ 
zation  in  nature. 

The  matter  resolves  itself  into  a  question  of  whether 
the  sea  behaves  like  a  batch  culture  or  a  chemostat. 


If  continued  log  phase  growth  is  necessary  for  main¬ 
tenance  of  a  species  in  the  sea,  then  probably  the 
con'  entration  of  cobalamin  in  offshore  waters  is  low 
enough  to  exclude  species  that  need  as  much  of  it  as 
Skeletonema  does.  Further  work  is  needed  to  evaluate 
this  matter.  This  problem,  however,  seems  to  parallel 
the  more  extensive  work  that  has  been  done  on  in¬ 
organic  nutrients  such  as  nitrogen  and  phosphorus. 
Ketchum  and  Redfield  ( 1949)  and  others  have  demon¬ 
strated  that  senescent  batch  cultures  can  become  ex¬ 
tremely  deficient  in  these  elements.  Similar  deficien¬ 
cies  are  seldom  seen  in  nature  (Harris  and  Riley, 
1956),  implying  that  active  growth  and  a  "normal” 
content  of  essential  substances  are  necessary  for  sur¬ 
vival  in  the  sea. 

With  regard  to  some  of  the  other  species  listed  in 
Figure  4,  Thalassionema  nitzschioides  and  Peralta 
( Melosira )  sulcata  seem  to  have  even  broader  toler¬ 
ance  to  changing  physical  conditions  than  Skeleto¬ 
nema,  but  at  an  inherently  slower  growth  rate.  They 
tended  to  fill  the  gaps  when  Skeletonema  was  rela¬ 
tively  unsuccessful.  P.  sulcata  and  Thalassiosira  de- 
cipiens  achieved  their  greatest  dominance  in  autumn, 
but  their  cell  concentrations  did  not  increase  markedly, 
and  the  percentages  rose  because  other  species  de¬ 
clined. 

The  three  Thalassiosira  spp.  exhibited  a  seasonal 
succession  of  a  more  nearly  classic  nature  than  most 
other  species  in  the  list.  Both  T.  decipiens  and  T. 
nordenskioldii  occur  in  summer  in  the  Gulf  of  Maine, 
where  the  water  is  colder,  but  are  largely  replaced 
during  that  season  by  T.  gravida  in  local  waters.  T. 
nordenskioldii  and  the  remainder  of  the  diatoms  on 
the  list  are  more  successful  in  offshore  waters  than  in 
the  Sound,  but  are  able  to  invade  estuarine  waters 
consistently  enough  to  meet  the  predetermined  and 
arbitrary  qualifications. 

The  last  four  species  in  Figure  4  are  dinoflagellates. 
which  achieve  brief  dominance  over  diatoms  during 
the  summer.  This  is  in  the  classic  tradition.  Some 
texts  say  (for  example,  Sverdrup  et  al.,  1942)  that  the 
dinoflagellates  are  warmth-loving  creatures  which 
have  a  fairly  low  nitrogen  requirement ;  both  of  these 
characteristics  favor  the  summer  change  from  diatom 
to  dinoflagellate  dominance.  However,  the  facts  of 
the  case  do  not  fully  support  these  generalizations. 
Three  of  the  four  major  species  have  wide  tempera¬ 
ture  tolerances,  and  Peridinium  Irochoidcum  some¬ 
times  becomes  a  major  constituent  when  the  tempera¬ 
ture  is  little  higher  than  the  late  winter  minimum. 
Their  peak  months  are  June  and  July,  and  they  de¬ 
cline  in  August  as  the  temperature  rises  still  higher. 
If  temperature  is  important,  there  is  clearly  a  closely 
defined  optimum  rather  than  a  general  tendency  to¬ 
ward  warm  stenothermy. 

The  postulated  nitrogen  effect  is  even  more  am¬ 
biguous.  Following  a  severe  post-flowering  depletion 
of  nitrogen,  there  appears  to  be  a  series  of  small 
resurgences  of  ammonia  in  late  spring  and  early  sum¬ 
mer,  each  of  which  leads  to  phytoplankton  growth. 
Harris  ( 1959)  described  one  of  these  spring  periods. 
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In  May,  Skelctonema  costatum  was  dominant;  in 
June,  Peridinium  trochoideum.  The  amount  of  am¬ 
monia  available  was  essentially  the  same. 

Complete  nitrogen  data  are  not  available  for  other 
years,  but  the  same  pattern  of  succession  has  often 
been  observed.  Diatoms  are  dominant  until  the  middle 
or  the  end  of  May,  and  then  dinoflagellates.  The 
only  obvious  environmental  changes  during  this  period 
are  slight  increases  in  temperature  and  radiation,  and 
a  considerable  increase  in  vertical  stability. 

The  question  of  the  possible  significance  of  vertical 
stability  is  raised  by  some  observations  obtained  dur¬ 
ing  an  early  June  flowering  of  P.  trochoidcum.  An 
in  situ  turbidity  meter  revealed  a  tremendous  increase 
in  turbidity  in  a  1  m  stratum  centered  around  a  depth 
of  3  m.  Detailed  sampling  showed  that  90  percent  of 
the  total  population  of  P.  trochoideum  was  in  this  nar¬ 
row  stratum.  This  result  is  disturbing  in  one  sense, 
because  it  shows  that  an  ordinary  sampling  program 
at  a  series  of  standard  depths  may  be  quite  inadequate 
in  describing  the  population  when  it  occurs  as  a 
massive  and  closely  defined  concentration.  But  aside 
from  this,  it  is  apparent,  first,  that  these  dinoflagellates 
tend  to  congregate  at  a  narrowly  defined  depth,  and 
second,  that  near-surface  stability  facilitating  such 
congregation  is  found  in  the  Sound  only  during  a 
limited  period  which  coincides  with  the  period  of 
dinoflagellate  dominance.  The  question  remains  open 
as  to  whether  the  observed  depth  range  represents  a 
preference  for  a  particular  temperature  or  light  in¬ 
tensity,  and  how  effective  these  may  be  in  promoting 
the  growth  of  the  organism.  Possibly  the  chief  ad¬ 
vantage  is  simply  the  maintenance  of  a  reasonably 
adequate  depth  at  a  time  when  stability  increases  the 
problems  of  diatom  flotation.  Species  succession  may 
well  hinge  upon  subtle  interrelations  of  this  type. 

Thus,  the  discussion  of  phytoplankton  ends  on  an 
uncertain  note.  Observations  have  provided  some  un¬ 
derstanding  of  quantitative  aspects  of  seasonal  cycles 
in  estuaries  and  clues  as  to  the  requirements  of  par¬ 
ticular  species  with  respect  to  light,  temperature,  and 
some  other  factors.  But  we  are  still  very  far  from  a 
solid  understanding  of  the  dynamics  of  seasonal  suc¬ 
cession. 

ZOOPLANKTON' 

The  zooplankton  of  estuaries  can  be  characterized 
in  much  the  same  terms  as  phytoplankton ;  it  is  volu- 
metrically  abundant,  hut  limited  as  to  species  composi¬ 
tion.  The  form  of  the  seasonal  cycle  is  extremely 
variable,  sometimes  changing  drastically  from  one 
year  to  the  next,  as  indicated  in  a  study  of  the  zo¬ 
oplankton  of  Delaware  Bay  by  Deevey  (1960a).  Pos¬ 
sibly  the  most  common  and  significant  difference  be¬ 
tween  estuaries  and  the  open  ocean  is  the  relatively 
large  summer  estuarine  population.  This  is  a  result  of 
a  high  level  of  primary  production.  It  also  reflects 
the  addition  of  numerous  larvae  of  bentnic  inverte¬ 
brates  to  the  plankton  population  during  the  summers. 

Cronin  et  til.  (1962)  described  a  distinct  and  per¬ 
sistent  change  in  species  composition  along  the  length 


of  the  Delaware  River  Estuary,  which  could  be  re¬ 
lated  to  salinity  distribution.  Gamtnarus  fasciatus  was 
particularly  important  in  the  upper  reaches  where  the 
salinity  was  less  than  5%®.  In  the  middle  reach,  with 
salinities  of  5-18%®,  a  numerically  abundant  and  typi¬ 
cally  estuarine  population  developed,  with  the  copepod 
Acartia  tonsa  as  the  dominant  species  and  with  Eury- 
temora  Itirundoides,  E.  a  finis,  and  Pseudodiaptomus 
coronatus  as  important  elements.  These  together  con¬ 
stituted  84  percent  of  the  number  of  animals  in  all 
catches.  The  lower  estuary,  with  a  salinity  range  of 
18-30%®,  contained  small  quantities  of  species  charac¬ 
terized  by  these  investigators  as  oceanic  intruders. 

According  to  Deevey  (1960a),  A.  tonsa  is  a  eury- 
thermal  and  euryhaline  species  found  from  the  Gulf 
of  St.  Lawrence  to  the  Gulf  of  Mexico,  and  is  a  domi¬ 
nant  species  in  many  semi-enclosed  waters.  In  Long 
Island  Sound  (Deevey,  1956),  it  is  dominant  from 
midsummer  to  early  winter,  at  which  time  dominance 
shifts  to  Acartia  clausi,  a  more  northerly  species 
which  is  found  north  of  Cape  Hatteras  and  is  also  a 
common  species  in  European  estuarine  waters.  In 
general,  A.  clausi  is  more  successful  in  Long  Island 
Sound  than  A.  tonsa,  but  is  a  relatively  minor  form 
ir  Delaware  Bay. 

The  Eurytemora  spp.  mentioned  above  appear  to  be 
truly  brackish-water  forms.  They  are  virtually  absent 
from  Long  Island  Sound,  where  the  salinity  is  about 
24-29%®.  Pseudodiaptomus  coronatus  also  is  relatively 
uncommon. 

Temora  longicornis,  listed  by  Cronin  et  al.  (1962) 
as  occurring  primarily  at  the  mouth  of  Delaware  Bay, 
was  regarded  by  Deevey  (1960a)  as  a  euryhaline 
neritic  copepod.  It  was  not  excluded  from  Long 
Island  Sound  ;  in  fact,  Deevey  (1956)  found  it  to  be 
the  third-ranking  species  (after  the  Acartia  spp.), 
and  it  was  more  abundant  there  than  in  open  coastal 
waters.  Several  other  species  found  only  in  the  more 
saline  waters  of  Delaware  Bay  had  a  widespread  dis¬ 
tribution  in  Long  Island  Sound,  but  a  limited  degree 
of  abundance  as  compared  with  offshore  waters. 
These  included  the  copepods,  Centropages  hamatus, 
Pscudocalaniis  minutus,  and  Labidocera  aestiva;  and 
the  cladocerans,  Evadne  nordmanni  and  Penilia  aviros- 
tris.  But  Centropages  typicus  and  Calanus  finmarchi- 
cus,  both  important  coastal  copepods,  were  relatively 
unsuccessful  in  either  of  the  estuarine  habitats  under 
consideration. 

The  authors  quoted  here  have  dealt  in  some  detail 
with  problems  of  temperature  and  salinity  tolerance. 
Cronin  et  al.  (1962)  has  demonstrated  the  partition¬ 
ing  effect  along  a  salinity  gradient,  and  Deevey 
(1960a)  has  given  detailed  consideration  to  tempera¬ 
ture  cycles  in  the  examination  of  both  the  north-south 
geographical  range  and  seasonal  occurrence  in  par¬ 
ticular  locations.  But  the  situation  is  not  entirely 
clearcut.  As  so  often  happens  in  nature,  there  is  little 
evidence  of  utter  exclusion  at  some  definite  point  in 
the  range,  but  rather  of  a  gradual  reduction  in  number 
and  a  gradual  yielding  of  dominance  to  other  species. 
The  impression  is  that  suboptimal  temperature  and 
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salinity  reduce  metabolic  efficiency,  and  that  biological  compiled  by  Deevey  (1960a).  She  was  able  to  show 
competition  at  these  suboptimal  levels  is  more  impor-  that  the  breeding  range  of  certain  copepods  might  be 
tant  than  direct  effects  of  salinity  or  temperature  upon  coextensive  with,  or  more  limited  than,  the  extreme 
survival.  This  point  of  view  is  somewhat  bolstered  by  range  of  occurrence  at  one  temperature  extreme  or 
an  argument  of  a  negative  sort.  K.  Conover  (1956)  the  other,  suggesting  that  different  kinds  of  factors 
found  that  the  Acartia  are  inefficient  feeders  in  com-  might  have  been  operating.  Her  analysis  dealt  mainly 
parison  with  open  ocean  forms.  Their  success  in  com-  with  distribution  on  the  east  coast  of  North  America, 
petition  in  the  estuarine  environment  with  coastal  but  results  indicated  that  more  extensive  zooge- 
water  forms  of  known  ability  to  survive  finds  no  ready  ographical  analyses  of  ubiquitous  species  might  be 
explanation  except  in  terms  of  sublethal  effects  of  the  instructive. 

kind  postulated.  The  maintenance  of  a  "native”  population  in  an 

Conover  also  examined  the  problems  of  competition  estuary  and,  conversely,  the  rate  of  invasion  by  coastal 
between  the  two  Acartia  species  in  Long  Island  water  forms  will  depend  in  part  on  the  flushing  rate 
Sound.  A.  clausi  was  dominant  from  midwinter  to  and  circulation  pattern.  From  a  dynamic  standpoint, 
about  July ;  A.  tonsa,  from  July  to  early  winter.  Thus,  obviously,  the  rate  of  increase  of  the  population  must 
each  species,  at  its  own  time,  was  successful  through  balance  the  rate  of  loss  by  flushing,  predation,  and  all 
most,  but  not  quite  all,  of  the  observed  temperature  other  natural  causes  in  order  for  the  population  to 
range  in  these  waters.  At  the  lowest  temperature  maintain  itself.  In  general,  this  problem  is  most  se- 
range  A.  tonsa  appeared  to  be  sluggish  and  was  found  vere  for  long-lived  and  slow-growing  organisms,  and 
mainly  near  the  bottom  in  early  winter.  A.  clausi  had  it  is  more  of  a  problem  for  zooplankton  than  for 
a  superior  feeding  rate.  A.  tonsa  increased  somewhat  phytoplankton.  Ketchum  (1954)  analyzed  the  dy- 
during  the  late  winter  flowering,  but  largely  disap-  namic  .aspects  of  this  problem,  and  Barlow  (1955) 
peared  during  the  period  of  post-flowering  p  verty —  reported  a  detailed  study  of  factors  involved  in  the 
a  situation  which  Conover  regarded  as  indicative  of  maintenance  of  zooplankton  in  a  small  estuary  on 
biological  competition  for  the  limited  food  available.  Cape  Cod.  It  was  apparent  that  native  copepods 
A.  tonsa  appeared  again  in  early  summer  and  could  maintain  themselves  readily  in  summer,  but  low 
gradually  won  dominance  over  the  waning  A.  clausi  growth  rates  and  insufficient  food  in  winter  created  a 
population  as  the  summer  progressed.  At  this  time  the  critical  situation.  Barlow  postulated  that  resting  eggs 
latter  still  seemed  to  be  more  effective  than  A.  tonsa  on  the  bottom  helped  to  alleviate  the  problem  of 
in  feeding  on  phytoplankton,  but  A.  tonsa  seemed  to  maintenance. 

be  able  to  supplement  its  diet  by  selective  feeding  on  The  pelagic  larvae  of  barnacles  (Bousfield.  1955) 
small  animals  and  the  largest  members  of  the  phyto-  and  winter  flounders  (Pearcy,  1962)  apparently  spend 
plankton  population.  Thus,  the  laboratory  feeding  ex-  much  of  their  time  in  bottom  waters.  These  authors 
periments  provided  no  critical  evidence  that  the  shift  show  that  the  natural  pattern  of  vertical  distribution 
in  dominance  during  this  season  was  due  to  compe-  increases  the  chances  of  these  animals  living  in  any 
tition  for  food.  Field  observations  showed  a  slow  de-  estuary  that  has  a  net  inward  flow  along  the  bottom, 
cline  in  the  young  stages  of  A.  clausi  as  the  summer  Thus,  while  loss  by  physical  dispersion  is  a  very  real 
progressed,  perhaps  because  of  a  direct  effect  of  tern-  danger  to  any  pelagic  estuarine  species,  there  are  bi- 
perature  upon  reproduction  or,  more  likely,  an  indirect  ological  adaptations  which  can  lessen  this  danger.  But 
effect  on  some  aspect  of  competition  among  the  im-  probably  the  most  important  requirement  is  simply  the 
mature  stages.  Conover's  results  show  that  these  ability  to  maintain  rapid  growth  under  a  wide  range 
competition  problems  are  subtle  and  are  not  easily  re-  of  environmental  conditions. 

solved  even  under  intensive  study.  Thus,  while  estu-  The  zooplankton  population  of  estuaries,  measured 
arine  distribution  is  statistically  related  to  temperature  in  terms  of  displacement  volume,  is  usually  alxwt  1 
and  salinity,  it  would  he  naive  to  suppose  that  this  is  ml 'in®.  This  is  generally  somewhat  larger  than  the 
more  than  a  small  part  of  the  story.  concentration  in  adjacent  coastal  waters.  However. 

One  is  also  reminded  here  of  an  earlier  study  of  in  these  shallow  waters  the  total  quantity  in  the  water 
temperature  z<mat inn  by  Hutchins  (1947),  which  was  column  underlying  a  square  meter  of  sea  surface  often 
primarily  concerned  with  lienthic  animals,  but  led  to  is  less  than  in  offshore  areas.  As  a  herbivore  poptila- 
generalizations  that  arc  theoretically  applicable  to  zo-  tion,  the  estuarine  zooplankton  is  relatively  inefficient 
oplankton.  His  chief  point  was  that  l>oth  northern  in  its  utilization  of  the  available  plant  food.  In  Long 
and  southern  limits  of  distribution  may  be  demon-  Island  Sound  the  best  estimates  now  available  indicate 
strated  in  different  way? — by  affecting  either  the  sur-  that  the  zooplankton  consumes,  at  most,  some  50-60 
viva!  of  adult  populations  or  their  ability  to  repro-  [lercent  of  the  net  phytoplankton  production,  the  re¬ 
duce — and  that  comparison  of  observed  distribution  mainder  going  mainly  to  benthic  fauna  and  flora.  A 
with  the  radically  different  kinds  of  temperature  zona-  number  of  factors  contribute  to  this  situation.  They 
tion  found  on  the  various  coastlines  can  provide  clues  are  easily  listed,  although  their  relative  significance 
to  the  type  of  limitation.  Application  of  these  prin-  cannot  be  evaluated  easily: 

ciples  to  lienthic  organisms  is  far  easier  than  to  mov-  1.  Some  of  the  common  dominants  are  inefficient 
able  and  somewhat  ephemeral  plankton  populations,  feeders,  as  indicated  earlier.  Their  dominance  pre- 
but  data  of  some  interest  in  this  connection  have  been  sumably  depends  upon  wide  tolerance  to  variations  in 
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temperature  and  salinity  and  to  various  other  factors. 
But  the  offshore  species  appear  to  he  able  to  catch  and 
utilize  the  available  phytoplankton  more  efficiently  in 
their  own  environment  than  does  the  estuarine  popu¬ 
lation. 

2.  In  some  estuaries  the  seasonal  cycles  arc  not 
closely  geared.  In  Long  Island  Sound  there  is  a  mid¬ 
winter  minimum  in  zooplankton  which  does  not  re¬ 
spond  sufficiently  during  flowering  to  make  effective 
use  of  the  abundant  food  that  becomes  available  at 
that  time.  The  flowering  is  then  terminated  h>  nu¬ 
trient  deficiency  and  rapidly  sinks,  enriching  the  bot¬ 
tom  rather  than  benefiting  the  zooplankton.  However, 
this  situation  does  not  apply  to  all  estuaries.  Deevey 
(1960a)  found,  on  some  occasions,  large  midwinter 
zooplankton  populations  in  Delaware  Bay. 

3.  In  shallow  estuaries  the  bottom  fauna  compete 
directly  with  zooplankton  for  food  to  a  degree  that  is 
impossible  in  deeper  waters.  Water  samples  taken 
near  the  bottom  often  have  fairly  large  phytoplankton 
counts.  The  surface  of  sediment  cores  may  be  green¬ 
ish  with  sedimented  phytoplankton  or,  more  fre¬ 
quently,  may  be  a  flocculent  slurry  in  which  many  in¬ 
tact  cells  can  be  seen.  Thus,  bottom  filter  feeders  and 
detritus  feeders  have  a  ready  source  of  living  material. 

4.  Deevey  (1960b)  examined  the  size  of  certain 
species  of  copepods  in  a  variety  of  habitats  in  relation 
to  temperature  and  food  supply.  Significant  correla¬ 
tions  between  size  and  quantity  of  pin toplankton  were 
demonstrated  in  some  areas,  but  not  in  highly  produc¬ 
tive  waters  such  as  Long  Island  Sound.  There  is  the 
implication  here  that  food  is  not  a  significant  limiting 
factor  in  determining  the  size  of  individuals. 

5.  Predation  up  n  zooplankton  has  not  been  investi¬ 
gated  as  thoroughly  as  might  lie.  but  this  factor  may 
lie  significant  in  controlling  population  density.  Estu¬ 
aries  often  are  nursery  grounds  for  a  variety  of  fishes 
which,  in  the  larval  and  juvenile  stages,  are  voracious 
plankton  feeders.  Swarms  of  ctcnophores  are  known 
to  have  catastrophic  effects  on  zooplankton  which  may 
also,  when  in  the  immediate  vicinity  of  the  bottom,  tie 
eaten  by  amphipods  and  other  filter  feeders,  [here  is 
also  the  problematical  question  of  whether  selective 
feeding  upon  large  copepods  significantly  affects  the 
competition  between  species.  The  dominant  estuarine 
species  are  small.  As  indicated  earlier,  it  is  not  en¬ 
tirely  dear  why  the  larger  coastal  forms  have  only  a 
limited  degree  of  success  in  such  waters.  Predation 
is  an  obvious  possibility,  but  there  is  little  evidence. 
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NUTRIENTS  AND  BIOLOGICAL  PRODUCTION 


Phytoplankton  Nutrients  in  Estuaries 

BOSTWICK  H.  KETCHUM 

Woods  Hole  Oceanographic  Institution,  Woods  Hole,  Massachusetts 


Estuaries  are  frequently  areas  of  high  fertility  and 
large  phytoplankton  populations.  The  high  primary 
production  is  reflected  in  the  dense  stands  of  attached 
sedentary  organisms  and  may  be  an  advantage  to  the 
many  marine  species  which  breed  in  the  rstuaries. 
since  their  larvae  have  a  plentiful  supply  of  food  at 
a  critical  period.  The  influence  of  estuaries  on  the 
biota  of  surrounding  coastal  water  is,  therefore,  com¬ 
monly  greater  than  the  surface  area  would  suggest. 

Estuaries  may  be  fertilized  in  three  main  ways: 
(  1 )  river  waters  leach  plant  nutrients  from  the  soil 
and  carry  a  constant  supply  through  the  estuary ; 
1 2)  pollution,  either  locally  within  the  estuary  or  in¬ 
directly  through  the  river,  may  enrich  the  waters  and 
increase  productivity:  and  (3)  the  subsurface  counter 
current,  which  is  a  unique  characteristic  of  many  es¬ 
tuarine  circulations,  may  enrich  the  estuary  when  the 
sea  water  is  drawn  from  below  the  cuphotic  zone 
where  nutrient  concentrations  are  higher  than  at  the 
surface.  In  each  estuary  these  three  enrichment 
processes  proceed  simultaneously,  but  an  understand¬ 
ing  of  the  fertility  of  an  estuary  requires  an  evaluation 
of  their  relative  importance.  This  objective  har  not 
been  fully  acliie*  ed  in  any  estuary,  though  the  problem 
has  been  studied  piecemeal  in  many.  Th  s  paper  will 
review  briefly,  by  example...  how  effective  these  vari¬ 
ous  sources  of  enr  rhrncnt  may  be,  suggest  how  it  may 
be  possible  to  identify  different  sources  of  water,  and 
evaluate  the  contribution  of  each  source  to  the  fertility 
of  the  estuary. 

ENRICHMENT  BY  THE  RIVER 

The  nutrient  carried  to  the  sea  by  rivers  has  some¬ 
times  been  invoked  as  the  principal  mechanism  for 
maintaining  tfe  fertility  of  the  oceans.  In  a  local  area 
this  is  no  doubt  frequently  tru*';  Riley  (19371,  for 
example,  has  traced  the  effluent  of  the  Mississippi 
River  many  miles  to  sea  in  the  Gulf  of  Mexico  and 
the  effluent  of  tire  Amazon  River  appears  to  affect  the 
surface  sea  water  for  several  hundred  miles  from  its 
mouth.  Within  estuaries  the  continuous  flow  of  nu¬ 
trients  in  'he  river  water  must  frequently  be  important 
in  controlling  their  fertility,  especially  since  ri*~  rj  to¬ 
day  carry  a  pollution  load  in  addition  to  dements 
leached  from  the  land. 

On  an  ocean-wide  basis,  however,  the  annual  con¬ 
tribution  of  nutrients  by  all  of  the  rivers  of  the  world 
appears  to  provide  for  only  a  small  part  of  the  total 
marine  pmdi*.:- vity.  Emery  et  at.  (1955*  estimated 
<  Table  I )  »E  •  the  annual  rate  of  use  of  nitrogen  and 


phosphorus  by  phytoplankton  is  only  about  one  per¬ 
cent  of  the  reserve  in  the  oceans,  but,  even  so,  the  use 
is  aliout  100  times  greater  than  ttie  amounts  con¬ 
tributed  by  rivers  and  rain  annually.  The  contributed 
amounts  of  phosphorus  and  of  silica  we  '  not  greatly 
different  from  the  estimated  additions  to  the  sediments 
on  the  ocean  floor.  Thus,  the  oceans  appear  to  be 
nearly  in  steady  state  with  regard  to  the  contributions 
of  these  elements  by  the  rivers.  Nitrogen  was  con¬ 
tributed.  mostly  in  rain,  in  excess  of  the  amount  sedi¬ 
mented,  and  it  was  postulated  that  denitrification  in 
the  oceans  maintained  the  nitrogen  balance.  Great  as 
the  local  enrichment  of  estuaries  by  the  river  may  U., 
however,  it  appears  that  the  oceanographer  need  not 
invoke  this  supply  to  maintain  productivity  of  the 
oceans. 

ENRICHMENT  BY  POLLUTION 

The  effects  of  local  pollution  within  the  estuary  are 
diverse  and  each  case  requires  separate  and  individual 
study.  Pollution  effects  have  received  much  attention 
and  commonly  the  relationships  to  the  oxygen  supply- 
are  considered,  but  rarely  has  pollution  been  related 
to  the  productivity  of  the  phytoplankton  within  the 
estuary. 

One  example  where  this  relationship  has  been  ex¬ 
plored  is  in  Great  South  Bay  and  Moriches  Bay  on 
Long  Island.  New  York.  In  addition  to  the  usual 
domestic  pollution  and  river  contributions  of  nutrients, 
this  area  supports  a  population  of  millions  of  domestic 
dicks.  Their  waste  matter,  a  very  rich  fertilizer,  is 
added  d'Tctly  to  the  waters  of  small  creeks  and 
greatly  enriches  the  estuary.  This  fertilization  lias 
produced  dense  imputation*  of  small  chlorophycean 
algae,  sometimes  retching  several  milium  cells  per 
milliliter. 

Table  I.  Nutrient  Imdgrt  of  the  oceans  (After 
Enters  el  at  ,  195S). 


Millions  of  metric  tons 
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Sili¬ 
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phorus 
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Reserve  m  ocean 

920,000 

120,000 

4,000,000 
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2 
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Ryther  (1954)  found  that  the  green  algae  isolated 
from  the  bays  were  able  to  grow,  in  media  character¬ 
istic  of  the  waters  of  the  bays,  much  more  rapidly 
than  NitMtchia  closierinm  ( Pkatodacylum  iritormu- 
hum),  a  common  estuarine  diatom.  These  waters  had 
an  unusually  low  nitrogen  to  phosphorus  ratio  and 
nitrogen  appeared  to  b-  the  element  ultimately  limit¬ 
ing  the  site  of  the  population.  Ryther  conducted  en¬ 
richment  studies  (unpublished)  in  which  the  growth 
of  the  algae  in  waters  collected  at  various  locations 
within  the  bays  was  compared  with  growth  in  the 
same  waters  enriched  with  phosphate  or  ammonia.  En¬ 
richment  with  phosphate  actually  decreased  the  rate  of 
growth  to  44  percent  of  that  in  the  controls.  The  ad¬ 
dition  of  ammonia  produced  populations  in  various 
waters  which  averaged  19  times  greater  than  those 
observed  in  the  controls.  Obviously  available  nitrogen 
was  limiting  the  population  size  and  the  high  concen¬ 
trations  of  phosphorus  in  the  water  reflected  the  ex¬ 
cess  of  this  element  above  the  requirements  of  the 
phytoplankton. 

Phosphorus  can  thus  be  used  as  an  index  of  excess 
pollution  of  these  waters.  Figure  1  shows  the  concen¬ 
trations  of  inorganic  phosphorus  and  phytoplankton 
in  water  samples  taken  along  a  section  in  the  central 
region  of  the  hays.  The  concentration  of  inorganic 
phosphorus  is  several  times  greater  than  the  usual 
content  of  sea  water  in  this  area  (see  below  >  ami  the 
phytoplankton  counts  reflect  a  true  bloom,  far  exceed¬ 
ing  the  populations  to  be  found  in  nomul  unpolluted 
estuarine  waters. 

This  is  a  clear  example  of  the  deleterious  effects  of 
excess  pollution.  Not  only  is  tlie  water  disci  iorcil  by 
the  algal  bloom  with  Secchi  disk  transparencies  w  hich 
are  limited  to  a  foot  or  so.  hut  the  entire  ecological 
cycle  is  drastically  changed.  The  "weed"  species, 
which  grow  so  prolilicatly  in  this  estuary,  are  not 
themselves  good  food  for  many  of  the  normal  popula¬ 
tions,  such  as  the  oyster,  hut  their  growth  excludes  the 
normal  estuarine  phytoplankton  species.  While  ferti 
luation  nay  increase  the  production  of  sjircirs  <>i 


Fig  l  The  -lulntwlsm  <4  m-eg an«c  |4mph«tr  and  <4 
phytoplanktm  m  a  section  »U«sg  the  central  nrgxms  ‘4 
(heat  South  Bay.  MnfKhes  Bay.  ami  Shmnri-ork  Bay. 
lung  Island,  New  York,  m  August  HSI  (Rjrthrr.  un¬ 
published  > 


value  to  mankind,  uncontrolled  pollution,  even  though 
it  may  increase  the  total  productivity  of  phytoplank¬ 
ton.  nay  destroy  the  natural  resources  of  an  estuary. 

ENRICHMENT  FROM  THE  SEA 

Circulation  in  estuaries  is  frequently  characterized 
by  a  two-layered  flow  with  the  surface  layers,  diluted 
by  river  water,  escaping  seaward  and  the  salt  water 
entering  near  the  bottom.  The  estuary  may  be  ferti¬ 
lized  by  this  seawater  countercurrent,  since,  in  many 
cases,  the  sea  water  is  drawn  from  depths  below  the 
euphotic  zone  in  the  ocean  where  the  concentration  oi 
nutrients  has  not  been  depleted  by  the  growth  of 
phytoplankton.  This  effect  may  be  further  augmented 
by  a  process  which  Kcdfield  (  1955)  has  termed  the 
biochemical  circulation.  Organisms  grown  in  the  sur¬ 
face  layers  of  the  estuary  may  sink  to  countercurrent 
depths  where  decomposition  releases  the  nutrients, 
which  will  then  be  returned  again  for  reuse  within 
the  estuary.  Nutrients  can  thus  become  trapped  within 
the  estuary  and  build  up  unusually  high  concentra¬ 
tions.  Tlie  most  dramatic  examples  of  nutrient  traps 
are  those  fjords  with  a  shallow  outer  sill  which  pro¬ 
duces  relative  quiescence  in  the  deep  water  w  ithin  the 
fjord.  The  particulate  organic  natter  which  falls 
through  tlie  sea  water  in  the  counterflow  can  accumu¬ 
late  in  the  slow  moving  or  stagnant  deep  water,  where 
its  >lecompositiun  produces  large  concentrations  of 
nutrients,  anoxic  conditions,  and  hydrogen  sulfide. 

To  evaluate  this  process  it  is  necessary  to  identity 
the  proportions  of  fresh  and  salt  water  in  various 
[arts  of  the  estuary.  If  the  estuary  is  a  simple  one 
with  only  two  main  sources  of  water,  the  river  ami 
the  sea.  tlie  projiortum  of  each  water  in  any  sample 
can  be  derived  from  ihe  salinity,  since 

F  -  i  I  -  .V  „  - 

in  which  F  is  the  fraction  of  iresh  water,  .V  is  the 
salinity  of  the  mixture  and  <r  the  salinity  of  the  source 
sea  water.  The  distribution  of  salinity  in  estuaries  has 
been  used  in  various  ways  to  evaluate  the  nrculat.on 
of  water,  determine  tlie  rate  of  flushing,  and  predict 
the  fate  and  distribution  oi  |w>Ilutants  added  to  tlie  cs 
tuary.  Flxamples  will  he  found  in  Ketrhuni  i  I ‘>5!  >. 
Preside  l  1954).  Pritchard  i  1952).  Stnmntcl  I  1953). 
ami  T silly  i  1949). 

\\  here  more  than  iwo  sources  of  water  are  tnvolved 
in  the  circulation,  salinity  cannot  be  used  alone  to 
determine  tlie  pr-jx-rtiont  of  the  sarious  types  oi 
watrr.  In  the  open  sea,  cxcc|4  for  the  surrace  layers, 
temperature  is  a  oerscrsatite  property,  i  e  ,  one  which 
is  ms  modified  hs  external  processes,  hut  only  bs  mix¬ 
ing  l  Iceanographers  base  long  used  the  temperature 
salinity  correlalion  diagram  to  characterize  water 
iiuiv  i  Although  mans  estuaries  are  so  shallow  that 
the  Irmprf  attire  is  modified  greath  h\  volar  radial  ion 
and  other  exchanges  of  heat  with  the  atmosphere  the 
T  S  i  temperature -salinity  >  diagram  mas  *«r  userul 
m  relative)*  deep  estuaries 

Rrdheld  i  unpublished  <  used  lemperaturr  and 

salimtv  to  <!rtine  diffetrr.t  waters  ,n  the  Strait*  '<» 
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lig  i  The  tcmprraturv-saliniiy  corrtlatkxi  diagram  fur 
tlit  waters  til  the  Straits  of  Joan  dr  Foca  and  id  Georgia 
(Alter  Red  held,  1950-unpofcltthrd) 


Juan  tie  Fuca  and  of  Georgia  in  the  Pacific  North¬ 
west.  The  temperature-salinity  correlation  diagram 
in  Figure  served  to  identify  fi  e  different  vourcec  of 
water  The  distribution  of  the  -e  different  tyjies  of 
water  m  ihe  estuary  is  shown  in  Figure  ,  The  dcejwr 
Pacific  Ocean  water  (  IN j>e  A  i  is  excluded  from  the 
estuary  by  the  bottom  contour  and  the  Pacific  surface 
water  i  Type  C  l  is  excluded  by  the  net  seaward  drift 
of  (lie  surface  water  of  the  strait  The  deeper  parts 
of  the  Strait  of  Juan  dr  Fuca  are  occupied  by  water 
of  Type  It.  similar  to  that  found  in  the  Pacific  at 
comtcarablc  depths  This  water  is  the  source  sea  water 
which  mixes  with  the  ficslier  surface  water  of  the 
Strait  of  Georgia  l  type  Hi  t>>  form  Type  1)  water 
which  it  at  the  surface  in  the  Strati  of  Juan  dc  Fuca 
at  intermediate  depths  in  the  San  Juan  channels,  and 
f* wins  the  deep  water  of  < Teorgsa  Strait  The  mixing 
at«t*-ars  to  take  place  primarily  in  the  San  Juan  chan 
neis  where  irrrgular  topograph'  am!  st».  ng  tidai  eur 
rents  produce  consider  aide  turbulence  While  Red 
tield  d.d  not  spertbcallv  relate  the  distribution  oi  nu 
tfirnts  to  this  pattern  the  St, aits  oi  Juan  de  Furv  are 
known  tr-  ‘ '  rich  in  plankton  and  nutrient*  i  Thompson 
arv!  i  »rai:  i  >  and  sea  water  drawn  (torn  the  drpths 
which  sut^di  Type  H  water  wiuM  certamli  enrich  the 
extirarc  with  these  dements  >  Igdsrt**  ft  ai  .  l**.Vji 
\n-nh~s  due  to  toe  rxli  ;>r celortion  in  this  rea  n 
the  rxcepCionalii  fine  bent  be  collecting  grounds  vs  ad 
aide  to  the  FtsUi  Hirhx  l-abreatory  of  the  I'm  rr 
site  o'  Washington 


SOURCES  OF  ENRICHMENT  OF  THE 
NEW  YORK  BIGHT 

In  shallow  areas,  where  temperature  cannot  be  con¬ 
sidered  a  conservative  property,  another  characteristic 
must  be  selected.  In  the  New  York  Bight  we  have 
used  total  phosphorus  and  salinity  to  identify  three 
different  sources  of  water.  Inorganic  phosphate  con 
centrations  may  be  greatly  modified  by  the  growth  of 
phytoplankton  populations,  but  the  total  phosphorus 
is  much  more  constant.  Its  distribution  may  be  af¬ 
fected  by  the  sinking  of  particulate  matter,  tut,  since 
the  phosphorus  in  particulate  matter  rarely  exceeds 
10  percent  of  the  total  at  any  one  time,  its  removal 
by  sinking  is  probably  slow  compared  to  the  mixing 
processes  being  evaluated. 

The  waters  of  the  New  York  Bight  are  measurably 
diluted  by  the  Hudsor  and  Raritan  River  waters  so 
that  it  may  be  treated  as  an  estuary,  even  though  the 
area  considered  lies  outside  the  geographical  bound¬ 
aries  which  define  what  most  fieople  would  consider 
the  estuary.  The  distribution  of  salinity  in  the  Bight 
at  various  times  of  year  is  shown  in  Figure  4  which 
is  modified  from  ketchum  ft  al.  (19511.  The  dilution 
by  the  river  water  is  apparent  at  al!  times  of  year 
though  the  distribution  varies  widely.  At  some  times, 
file  diluted  water  escapes  in  a  narrow  band  cb  e  to 
the  New  Jersey  coast;  at  others,  it  spreads  more 
widely.  The  three  sources  of  water  to  be  identified 
are  the  brackish  water  showing  the  pronounced  effect 
of  river  water  dilution,  the  surface  coastal  water  en¬ 
tering  the  area  iroro  the  eastward  and  the  deep  ocean 
water  brought  in  by  the  countercurrent  in  the  rstu 
arine-type  circulation. 

In  September,  1958,  observations  of  the  salinity, 
total  phosphorus,  am!  chlorophyll  a  were  made  at  sta¬ 
tions  shown  in  Figure  5.  The  vertical  distributions 
are  shown  in  Figures  6  and  7.  As  mentioned  above, 
total  phosphorus  and  salinity  are  considered  to  be 
conservative  properties  used  to  evaluate  the  source* 
of  water.  Oik>rtipF.v!l.  on  the  other  hand,  is  a  vari- 
afilr  which  rrffevts  the  response  of  the  phytoplankton 
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Fiff-  4-  The  distribution  of  salinity  ("-)  in  the  surface 
waters  of  the  New  \  ork  Bight  ( Modified  after  Kctclumi 
cl  ai,  1951 ). 


to  the  water  conditions,  and  especially  to  the  enrich¬ 
ment.  In  the  section  extending  seaward  from  Scot¬ 
land  Lightship,  near  the  entrance  to  the  Hudson 
River,  the  freshening  effect  of  the  river  water  is  ob¬ 
vious  at  Station  17  where  the  lowest  surface  salinity 
( 30.06%, )  was  found.  In  this  same  water  the  total 
phosphorus  and  chlorophyll  concentrations  were  high. 
Near  the  New  Jersey  coast  (Station  II  in  Fig.  7) 
the  surface  salinity  was  greater  than  31$fc,  indicating 
admixture  of  higher  salinity  sea  water,  hut  total  phos¬ 
phorus  concentrations  in  excess  of  2figA/l  demon¬ 
strate  enrichment  by  the  brackish  river  water.  The 
chlorophyll  content  at  this  location  was  the  highest 
found  within  the  area  (21.0  mg/m3).  Both  sections 
show  the  intrusion  of  more  saline  water  (>3220 
within  and  inshore  of  the  indentation  in  the  bottom, 
which  is  the  upper  end  of  the  Hudson  canyon.  The 
offshore  coastal  waters  in  both  sections  had  surface 
salinities  of  about  3 1  %r  and  low  concentrations  of  total 
phosphorus  and  chlorophyll.  Station  14  was  near  the 
location  where  industrial  wastes  arc  discharged  at 


sea  and  the  high  concentration  of  total  phosphorus  in 
the  deep  water  at  this  station  may  reflect  this  pollution. 

Qualitatively,  these  distributions  suggest  enrichment 
of  the  surface  waters  by  the  river  and  by  the  advec- 
tion  of  the  high-salinity,  nutrient-rich,  deep  water. 
'.  he  proportions  of  these  sources  of  water  in  any  sam¬ 
ple  can  be  derived  from  the  relationship  between  total 
phosphorus  and  salinity.  The  correlation  diagram  for 
these  is  given  in  Figure  8  where  the  triangle  is 
drawn  to  include  all  of  the  observation.;.  Three  types 
(sources)  of  water  may  be  characterized  from  these 
data  as  follows : 

A.  Brackish  river  water: 

salinity  30fL ,  Phosphorus  2.9jigA  1 

B.  Surface  coastal  water  : 

salinity  30.95'L,  Phosphorus  O.StVgA  I 

C.  Dee])  ocean  water : 

salinity  34',,.  Phosphorus  1.25pgA  I 

Type  C  water  was  not  found  within  the  area  and 
its  properties  were  established  by  extrapolation  of  two 
sides  of  the  triangle.  Numerous  other  studies  of  the 
coastal  water  of  the  continental  shelf  in  this  area  in¬ 
dicate  that  these  characteristics  are  reasonable,  and 
that  this  type  of  water  exists  within  a  few  miles  of 
our  stations  at  depths  of  less  than  100  meters. 

Any  pomt  within  the  triangle  of  Figure  8  describes 
a  water  sample  which  may  consist  of  unique  propor¬ 
tions  of  the  three  types  of  water  defined  above.  The 
equations  necessary  to  determine  the  fraction  of  each 
type  of  water  in  a  sample  x  are  : 


Fig.  5.  Location  of  stations  in  the  New  York  Bight. 
The  lines  mark  the  sections  for  which  properties  are  illus¬ 
trated  in  Figs.  6  and  7. 
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l*'ig.  6.  The  distribution  of  salinity  ('/<*),  total  phos- 
phorus  (figA/’l),  and  chlorophyll  a  ( ng/m‘ )  in  the  sec¬ 
tion  extending  from  Scotland  Lightship  (Station  17)  to 
sea. 

Sx  =  A  Sa  +  B  Sj  •+■  C  Sc; 

l\  ~  A  l\  +  B  l\  +  C  l\;  and. 

A  +  B  +  C  =  1 

where  A,  B,  and  C  are  the  volume  fractions  of  the 
three  types  of  water  and  6"  and  P  are  the  salinity  and 
phosphorus  content  of  the  water  indicated  by  the 
subscript. 

The  results  are  presented  in  the  proportional  tri¬ 
angular  graphs  in  Figures  9  and  10,  which  show  the 
relationship  between  total  phosphorus  and  chlorophyll 
and  the  sources  of  water.  Each  point  represents  a 
sample  containing  the  indicated  proportions  of  the 
three  types  of  water.  In  both  these  figures,  the  blank 
area  at  the  top  of  the  triangle  indicates  that  our 
samples  did  not  include  any  mixture  which  contained 


Fig.  7.  The  distribution  of  sali.iity  ( 'i, ) ,  total  phos¬ 
phorus  (^igA/i)  and  ch’-'ropnyll  a  in  the  ..ectiun  extend¬ 
ing  from  Shrevsbury  Rocks  (Station  *1  to  sea.  The 
high  concentration  of  phosphorus  i  the  deep  w  'ter  at 
S'ation  14  may  reflect  the  industrial  waste-  which  are 
discharged  in  thi-  a.ea. 


Fig.  8.  Tlie  phosphorus-salinity  correlation  diagram  for 
waters  of  the  New  York  Bight  at  Stations  shown  in 
F  ig.  5. 


more  than  60  percent  deep  water  as  defined  by  the 
above  extrapolation. 

The  concentrations  of  total  phosphorus  have  been 
contoured  in  F'igure  9.  This  shows  a  consistency 
which  was  completely  obscured  by  the  plot  of  the 
phosphorus-salinity  relationship  of  Figure  8.  The  im¬ 
poverished  surface  coastal  water  ;B)  is  represented 
by  points  in  the  lower  right-hand  corner.  Admixture 
of  either  deep  water  (C)  cr  brackish  water  (A)  in¬ 
creased  the  total  phosphorus  content  of  the  sample. 
Since  the  brackish  water  contained  the  greatest 
amount  of  phosphorus  of  any  of  the  sources,  it  has 
the  greatest  effect  on  the  phosphorus  content  of  the 
mixtures. 

The  chlorophyll  content  is  contoured  in  figure  10. 
Those  samples  containing  high  proportions  of  surface 


Fig.  9.  The  relationship  between  total  phosphorus 
(jigA/l)  and  the  proportion  of  three  source  waters  in  the 
sample. 
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Fig.  10.  The  relationship  between  chlorophyll  a  (fig 
m")  and  the  pro|>ortion  of  three  source  waters  in  the 
sample. 


coastal  waters  (B  )  arc  consistently  low  in  chlorophyll. 
The  largest  concentrations  of  chlorophyll  ( >20/ig/mr) 
were  found  in  mixtures  containing  40-60  percent  of 
the  brackish  water  and  20-30  percent  of  the  deep 
water. 

The  highest  chlorophyll  was  not  found  in  the  sam¬ 
ple  showing  the  greatest  enrichment  as  indicated  by 
the  phosphorus  content,  and  we  may  speculate  con¬ 
cerning  the  reasons  for  this  difference.  One  possibility 
is  that  as  the  river  water  enriches  the  sea  it  also  in¬ 
creases  the  turbidity,  and  would  thus  limit  photo¬ 
synthesis  and  growth  of  phytoplankton  near  the  sur¬ 
face.  Only  after  the  water  clarifies  are  the  plants  able 
to  take  full  advantage  of  the  added  nutrients.  Another 
possibility  is  that  the  populations  are  changing  with 
a  decrease  of  fresh-  and  brackish-water  forms  and  the 
growth  of  marine  forms.  In  either  case,  the  maximum 
chlorophyll  would  take  some  time  to  develop,  and  it 
would  lie  expected,  therefore,  at  some  distance  from 
the  source  of  enrichment.  Previous  studies  by  Ketclium 
ft  al.  (1*151)  suggest  that  it  would  take  a  few  days 
for  the  brackish  water  at  Scotland  Lightship  ( Station 
17)  to  reach  the  area  of  Shrewsbury  Rocks  (Station 
ll)  where  the  maximum  chlorophyll  was  found.  This 
would  be  a  reasonable  lapse  of  tune  for  the  develop¬ 
ment  of  maximum  phytoplankton  populations. 

Obviously  the  pro[>ortion  of  water  from  different 
sources  in  any  given  sample  is  not.  in  itself,  adequate 
to  explain  the  phytoplankton  cycle  of  an  estuary.  The 
population  of  phytoplankton  w  ill  still  depend,  as  in  any 
aquatic  environment,  on  ntanv  factors  such  as  grazing, 
the  stability  of  the  water  column,  the  presence  of  vita¬ 
mins  or  inhibitors  in  the  water,  and  the  transparency 
of  the  water  and  its  effect  on  light  intensity  at  various 
depths.  However,  since  estuaries  may  lie  fertilized 
in  various  ways,  the  source:  of  the  enrichment  must 
be  evaluated  as  an  essential  step  in  understanding  the 


system  as  a  whole.  Our  results  on  the  New  York 
Bight  are  presented  as  an  example  of  one  way  in 
which  this  can  he  done. 

DISCUSSION 

The  natural  resources  of  estuaries  arc  continuously 
threatened  by  the  expanding  populations  along  their 
shores.  Thi.,  inevitably  raises  problems  because  of 
conflicts  of  interest  among  the  diverse  groups  who 
want  to  use  the  waters  primarily  for  fisheries,  fo 
recreational  purposes,  for  transportation,  or  for  the 
disposal  of  the  waste  products  of  our  civilization. 
Only  within  narrow  limits  can  all  these  uses  of  an 
estuary  develop  without  severe  conflicts  and  inter¬ 
ference.  In  a  highly  prosperous  and  industrialized 
society,  we  cannot  hope  to  return  our  estuaries  to 
their  unspoiled  natural  state,  hut  we  can  hope,  as  our 
knowledge  increases,  to  control  the  effects  of  man’s 
activities  so  that  the  interests  of  all  are  respected  and 
protected. 

Our  lack  of  understanding  of  estuaries  can  lie 
blamed  for  much  of  the  existing  confusion.  We  are 
unable  to  define  accurately  the  factors  which  control 
the  circulation  in  estuaries,  for  example,  and  are  con¬ 
sequently  unable  to  predict  the  effects  of  proposed 
dredging  of  channels  or  of  diversion  or  modification 
of  river  flows  by  the  construction  of  reservoirs.  The 
biologist  fears  all  changes  of  the  environment  since 
he  knows  that  each  will  modify  in  some  way  the  nor¬ 
mal  balance  of  populations.  Although  he  is  unable  to 
predict  what  the  changes  will  be.  history  provides  am¬ 
ple  evidence  that  there  will  lie  a  loss  of  some  biologi¬ 
cal  resources.  However,  natural  populations  do  change 
even  if  there  is  no  man-induced  ciiange  in  the  en¬ 
vironment,  and  the  biologist  still  cannot  1  .edict  these 
changes  nor  explain  them  when  they  occur.  Some¬ 
times  man's  activity  is  the  scapegoat,  blamed  for  all 
changes  die  scientist  cannot  explain. 

In  the  past,  some  communities  and  industries  have 
been  very  callous  alxiut  the  effects  of  their  o|>crations 
on  the  natural  resources  of  an  estuary.  In  early  days 
it  appeared  that  man’s  puny  efforts  could  not  drasti 
callv  affect  natural  resources,  hut  in  nianv  cases  the 
insidious  and  gradual  increase  of  jxillution  destroyed 
the  resource  before  the  problem  was  recognized 
When  suddenly  faced  with  a  major  program  to  re¬ 
verse  the  deterioration  of  the  estuary  as  a  natural 
resource,  tire  cxjx’nse  seemed  intolerable  Today,  at 
last,  many  communities  and  industries  recognize  that 
adequate  |x>llution  control  is  a  necessary  |>art  of  their 
continued  existence,  hut  there  is  a  long  way  to  go  to 
reverse  the  trends  of  past  generations. 

The  engineer  is  in  the  middle  of  this  conflict.  His 
employers,  the  community  or  industry,  demand  an  adc 
quate  systrit  at  the  least  cost.  The  conservationist 
demands  complete  protection  regardless  of  cost.  The 
engineer  must  search  for  a  glimmer  of  understanding 
of  what  effect  his  operations  will  have  ujxm  the  en 
vir«"imetit.  Unfortunately,  hr  can  always  find  dog 
matic  and  conflicting  opinions  among  the  scientists 
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who  should  Ik-  able  to  provide  the  definitive  answers 
so  desperately  needed. 

What,  then,  should  society  expect  and  demand  of 
the  scientist  interested  in  these  problems  ?  Since 
man's  activities  will  inevitably  affect,  in  some  way  or 
other,  the  ecological  cycle  in  any  environment,  the 
scientist’s  ultimate  goal  should  lie  to  develop  the  un¬ 
derstanding  w  hich  will  allow  him  to  predict  the  effects 
of  changes,  whether  they  are  man-made  or  natural. 
When  we  reach  this  goal,  we  will  lie  able  to  define 
the  limits  of  acceptable  conditions  and  to  answer  the 
difficult  questions  we  are  now  avoiding.  This  is  a  real 
challenge  to  the  scientist  interested  in  estuaries  and 
the  goal  will  not  lie  reached  easily  or  soon.  Until  we 
can  define  these  limits,  however,  it  is  unrealistic  to 
oppose  all  changes  because  of  fears  that  deleterious 
effects  will  result. 

In  an  oversimplified  way,  this  paper  has  attempted 
to  define  the  ways  by  which  an  estuary  may  be  ferti¬ 
lized.  Mankind  has  made  great  progress  in  increasing 
the  fertility  and  productivity  of  the  land,  but  only  in 
isolated  ponds  has  aquatic  fertility  been  similarly  con¬ 
trolled.  The  estuaries,  naturally  highly  productive  atm 
readily  available  to  man.  could  logically  become  more 
important  sources  of  natural  resources.  Controlled 
fertilization  could  increase  their  productivity  many- 
fold,  but  uncontrolled  fertilization  by  pollution  leads 
only  to  excessive  production  of  undesirable  forms,  to 
the  elimination  of  valuable  species,  and  to  hydrogen 
sulfide-laden,  anoxic  waters.  Greater  scientific  under¬ 
standing  of  the  natural  processes  in  estuaries  is  an 
essentia!  first  step  in  our  efforts  to  reverse  the  pro¬ 
gressive  deterioration  and  to  preserve  our  estuaries 
in  the  most  useful  possible  way  for  the  future. 

Author's  Note:  Contribution  No.  1563  from  the  Woods 
Hole  Oceanographic  Institution.  This  investigation  was 
supported  i.i  part  by  Contracts  AT  ( 30-1  > -1918  with  the 
Atomic  Energy  Commission  and  No.  21%  with  the  Office 
of  Naval  Research. 
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Carbon  is  not  ordinarily  considered  one  of  the  nu¬ 
trients  worthy  of  investigation  in  estuarine  waters. 
It  is  normally  abundant  even  as  free  C02  (Watt  and 
I’aasche,  1963)  and  therefore  not  important  in  limit¬ 
ing  the  growth  of  estuarine  plants.  Carbon  is  un¬ 
deniably  necessary  for  photosynthesis,  however,  and 
we  can  learn  a  good  deal  about  the  course  of  photo¬ 
synthesis  in  natural  waters  by  following  the  changes 
in  their  carbon  content.  Since  the  infrared  analyzer 
has  been  available  it  has  been  possible  to  follow 
changes  of  pC02  in  waters  continuously  and  thus  to 
have  a  record  of  the  balance  between  photosynthesis 
and  respiration  that  has  taken  place  in  those  waters. 

REACTION’S  BETWEEN  CO.,  AND  WATER 

When  U)2  dissolves  in  water,  it  forms  an  acid  and 
dissociates  according  to  well-known  reactions.  In 
sea  water  there  is  a  further  complication,  in  that  car¬ 
bonate  complexes  with  sodium  and  magnesium  (Gar 
rells  et  a!.,  1961).  The  solubility  of  C02  is  about  1 
ml  ml.  Since  the  average  partial  pressure  of  C02  in 
the  air  is  about  0.03  percent,  there  should  be  about 
0.3  ml/1  dissolved  in  the  water.  Actually,  there  are 
about  45  ml/1  of  total  C02  which  can  be  removed 
from  sea  water  by  acidification  .and  vacuum  extrac¬ 
tion.  Since  very  little  undissociated  carbonic  acid  is 
present,  99  percent  of  the  C02  is  present  in  ionic 
form.  At  the  other  extreme,  in  distilled  water  alioiit 
97  percent  of  the  total  C02  is  in  dissolved  form.  In 
intermediate  waters,  the  state  in  which  the  C02  exists 
will  be  determined  by  the  alkalinity. 

Since  the  reactions  are  complicated  by  complexing, 
I  preferred  to  measure  the  equilibria  rathcr  than  try 
to  calculate  them.  Water  for  this  purpose  was  freed 
from  most  of  its  contained  C02  by  bubbling  with 
COj>-free  air  for  4  to  13  hours.  Two  liters  were  then 
continuously  equilibrated  with  about  200  ml  air  which 
was  circulated  through  an  infrared  analyzer  by  a  dry¬ 
ing  tulie.  U02  gas  was  injected  with  a  syringe  at 
intervals  and  the  resulting  changes  in  pH  and  |>C()2 
recorded. 

In  distilled  water  the  addition  of  1  ml  C02  results 
in  a  pU02  change  15  times  that  occurring  in  water 
buffered  by  2*1  5,  salt  (Fig.  1).  In  the  latter  ease, 
an  increase  in  1  ml  1  total  C02  results  in  a  pC()2 
change  of  00  ppm.  Under  poor  working  conditions, 
using  an  open  boat  with  a  |>ortab!e  electric  generator, 
I  have  liecn  able  to  measure  pC02  in  the  water  to 
better  than  10  ppm.  In  29  %  water,  this  would  cor¬ 
respond  to  0.09  mg  (  I. 


The  equilibrium  curves  also  give  information  as 
to  how  persistent  changes  in  pCOo  in  the  water  will 
be  compared  with  changes  in  p02.  Gas  exchange  be¬ 
tween  the  air  and  the  sea  is  limited  by  molecular  dif¬ 
fusion  through  a  surface  film  (Kanwisher,  1963). 
The  flux  per  unit  area  through  this  film  is  given  by 
f  =  (D  X  S  X  d  pG)it  where  f  is  the  flux  in  cm'1 
cm-, sec;  D  is  the  diffusivitv  which  will  be  taken  as 
equal  to  2  X  10~'"’  cm1’/ sec  for  both  oxygen  '•*»»!  car¬ 
bon  dioxide ;  S  is  the  solubility  of  the  gas  in  water 
for  which  I  will  use  1  cni’/cm8  atm  for  C02  and  1  /3:, 
curVcm3  atm  for  02;  d  pG  is  difference  in  the  partial 
pressure  of  the  gas  between  the  atmosphere  and  the 
water  in  atm ;  and  t  is  the  thickness  of  the  surface 
film  in  cm.  Under  normally  windy  conditions  rO_, 
reacts  too  slowly  with  water  for  the  alkalinity  (salin¬ 
ity)  to  have  any  effect  on  the  flux.  In  distilled  water, 
where  there  is  no  buffering,  a  change  of  concentra¬ 
tion  in  one  of  the  gases  wiil  produce  a  partial  pres¬ 
sure  change  inversely  proportional  to  the  solubility. 
Therefore,  with  equal  changes  in  concentration,  C02 
an;!  Oa  wiil  approach  equilibrium  with  the  atmosphere 
at  the  same  rate.  By  contrast,  in  29  salinity  estu¬ 
arine  water,  there  is  only  1  as  much  change  in 
pCOj,  as  the  change  in  total  C()2,  and  changes  in 
pCOa  would  persist  15  times  as  long  as  changes  in 
02.  Notice  that  even  in  distilled  water  where  pCOL. 
as  a  measure  of  biological  activity  has  no  advantage 
over  p02  as  far  as  persistence  of  changes  is  con¬ 
cerned,  pCU2  has  the  advantage  that  t  varies  in  mag¬ 
nitude  much  more  than  p()2.  For  example,  a  0.5  ml 
decrease  in  ()2  will  produce  a  p02  change  of  about 
8  percent  from  the  cquilibirum  value,  while  the  cor¬ 
responding  pU02  change  will  lie  more  than  1(4) 
percent. 

The  denominator  of  the  flux  equation  is  the  thick¬ 
ness  of  the  surface  film,  which,  in  turn,  depends  upon 
wind  velocity.  Kanwisher’s  (1963)  determinations 
of  film  thickness  were  done  in  a  tank  and  extended 
to  velocities  of  only  12  m/sec  (24  knots).  Higher 
winds  are  quite  common  during  winter  at  Woods 
Hole.  By  good  fortune,  we  had  measured  a  pC02 
of  240  ppm  in  Buzzards  Bay  just  tieforc  the  gale 
winds  which  blew  directly  up  the  hay  on  Novem¬ 
ber  30,  1%3,  unaccompanied  by  rain.  Measurement 
after  the  gale  showed  that  the  |>C02  had  increased 
to  285  ppm.  The  value  for  air  is  about  320  ppm.  This 
flux  spread  over  24  hours  would  give  an  equivalent 
surface  film  thickness  of  2.4p.  (Since  a  surface  film 
concept  has  no  physical  reality  under  gale  conditions. 
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Fig.  1.  Variation  of  pCOi  with  variations  in  total  CO. 
for  waters  of  different  salinities,  found  by  titrating  natural 
waters  with  C02  gas. 


it  may  be  easier  to  think  of  this  as  an  exit  coefficient 
'£)  of  300  cms/ci<)-/hr  defined  wont :  ffux  =  E  X 
partial  pressure  difference).  By  plotting  Kanwisher’s 
data  with  wind  velocity  squared  as  the  abscissa,  a 
straight  line  is  obtained  which  intersects  the  calcu¬ 
lated  thickness  for  the  gale  observations  at  a  wind 
velocity  of  52  knots.  The  root  mean  square  velocity 
was  about  43  knots  as  measured  with  an  anemometer 
al>out  one  mile  from  the  bay.  Presumably,  over  the 
open  water  the  velocity  would  have  been  greater, 
although  this  might  not  have  been  true  close  to  the 
surface  where  the  waves  would  have  offered  wind 
resistance.  The  agreement  with  the  extrapolation  of 
Kanwisher's  data  is  good  enough  to  allow  applying 
them  with  some  confidence  to  natural  situations  and 
high  winds.  The  fact  that  the  data  from  the  bay  seem 
to  require  a  slightly  higher  average  wind  than  actu¬ 
ally  existed  indicates  the  importance  of  processes 
other  than  thinning  of  the  film  at  higher  wind  veloci¬ 
ties.  With  breaking  waves,  the  film  is  continuously 
torn  and  reformed. 

The  Ix'st  way  to  summarize  these  results  may  be 
to  give  an  example.  Suppose  photosynthesis  has  re¬ 
moved  0.5  ml  1  of  C02  and  adder!  0.5  ml/1  02  to 
water  of  29  which  is  well  mixed  for  a  depth  of  two 
meters.  Assume  a  reasonably  constant  breeze  of  4 
m  sec.  The  p03  will  have  increased  by  0.02  from 
21  to  23  percent,  which  will  require  6  days  to  dis- 
appear.  The  pC02  will  have  decreased  from  320  to 
290  ppm,  which  will  take  3  months  to  disappear. 

THE  DISTRIBUTION  OF  PC03 

Field  measurements  of  pC02  were  made  by  pump¬ 
ing  water  continuously  into  an  equilibration  chamber, 
out  of  which  it  d.ained  through  a  constant  level  trap. 
Air  and  water  in  the  chamber  were  violently  mixed 
and  the  air  circulated  through  the  analyzer  after  dry¬ 
ing.  The  pCOj  in  the  equilibrated  air  was  continu¬ 
ously  compared  with  outside  air  pumped  through  the 


other  path  in  the  analyzer.  Bottled  gases  of  known 
concentration  were  used  for  periodic  calibrations  of 
the  analyzer.  By  varying  the  pumping  rate  and  vol¬ 
umes  of  gas  and  water,  the  resolution  can  be  ad¬ 
justed  to  the  speed  of  the  boat  so  that  the  desired 
detail  is  evident. 

The  persistence  of  variations  in  pC02  makes  it  very 
suitable  for  showing  some  of  the  discontinuities  that 
occur  in  waters.  During  periods  of  intense  activity  in 
the  spring,  the  phytoplankton  patchiness  is  apparent 
from  the  patchiness  in  pC02  (Fig.  2).  A  record 
taken  from  the  center  of  the  Gulf  of  Maine  in  March 
1962,  shows  patches  of  water  20  to  30  miles  across 
which  have  values  of  pC02  in  their  centers  as  much 
as  60  ppm  below  that  at  the  edges,  which  are  only 
slightly  below  equilibrium  with  the  air.  We  mapped 
some  of  these  patches  and  showed  that  they  were 
roughly  circular  in  outline  and  scattered  over  the 
surface.  The  patches  had  faded  considerably  by  May. 
and  were  no  longer  distinguishable  by  June. 

Smaller-scalc  patchiness  is  shown  by  the  record 
made  in  late  January,  1964,  in  Vineyard  Sound,  from 
a  small  boat  moving  slowlv  through  the  water  Her<* 
the  variation  is  about  10  ppm  on  top  of  the  120  ppm 
deficit  existing  in  the  water  at  that  time.  The  patches 
are  from  10  to  100  ni  across. 

Although  pCOo  variations  are  an  indication  of  net 
production  that  has  already  occurred,  it  is  still  pos¬ 
sible  roughly  to  correlate  low  pCOj  with  high  chloro¬ 
phyll  for  the  Gulf  of  Maine  data.  I  did  not  attempt 
chlorophyll  measurements  in  connection  with  the 
small-scale  patches. 

With  a  small  boat  it  is  possible  quickly  to  map  the 
distribution  of  pC02  in  the  surface  water  of  a  small 
estuary  and  to  follow  it  through  the  day  (Fig.  2). 
Eel  Pond,  Woods  Hole,  is  about  275  m  across.  It  re¬ 
ceives  a  small  freshwater  inflow  on  the  eastern  side 


Fig.  2.  Variations  of  pCO,  in  natural  waters  Chart 
is  Kel  Pood,  Woods  Hole,  Massachusetts,  with  pCO, 
plotted  for  January  23.  1964.  Top  graph  shows  large- 
scale  t>CO»  variations  in  central  Gulf  of  Maine  March, 
1902.  lamer  graph  is  small-scale  variation  in  Vineyard 
Sound,  Massachusetts,  January,  1964. 
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and  sewage  seepage  all  around  the  edges.  On  Janu¬ 
ary  23,  1964,  the  pCpj 'distribution  was  mapped  four 
times.  At  8:30  a  m.  the  tide  had  been  ebbing  for  five 
hours,  but  it  was  apparent  that  very  little  flow  was 
taking  place.  The  tide  in  Eel  Pond  is  less  than  0.5  ni, 
and  a  relatively  light  wind  can  change  the  tides  con- 
sideiably.  By  2:00  p.m.  the  tide  had  been  flooding 
for  two  hours,  and  the  inflow,  marked  by  a  lower 
pC02,  was  clearly  apparent,  crowding  the  seepag  ■ 
with  its  high  pC02  over  to  the  side.  By  4  :00  p.m. 
the  ebb  had  again  begun,  and  the  low  pC02  water 
had  formed  a  bubble  which  was  moving  out.  One 
hour  later  the  water  low  in  pC02  was  leaving  the 
pond  in  a  manner  that  produced  a  very  high  gradient 
across  the  middle, 

I  have  also  looked  at  the  pCO-  in  the  water  flood¬ 
ing  and  draining  from  a  salt  marsh  on  Buzzards  Bav¬ 
in  early  December,  1963.  The  water  in  the  bay  from 
which  the  marsh  tides  came  had  a  pC02  of  280  ppm. 
As  the  water  flooded  into  the  shallow  marsh  creeks 
during  the  day,  photosynthesis  reduced  the  pC02  un¬ 
til  the  water  farthest  up  the  creeks,  which  bad  been 
there  the  longest,  had  a  pC02  of  only  210  ppm. 
equivalent  to  the  removal  of  0.8  mg  0  1  in  about  4 
hours  of  sunshine.  W  hen  the  tide  turned  and  the 
water  liegan  *t>  flm*  t'*"  march,  tb-  pCC2  .  un¬ 

steadily.  Whiter  flowing  from  the  sin:  ’ler  creeks  was 
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distinguishable  tor  some  distance  after  it  entered 
larger  ones  by  its  higher  pU02,  and  water  flowing 
from  the  surface  of  the  marsh  into  the  creeks  just 
lieforc  the  marsh  surface  was  uncovered  had  a  pC02 
of  400  ppm.  Near  low  tide  the  last  water  draining  the 
•napsli  had  reached  480  ppm. 

I  was  unable  to  follow  the  water  as  it  flooded  the 
marsh  grass  areas,  so  I  could  not  make  any  calcula¬ 
tions  of  the  rate  of  C02  production  by  the  mud  sur¬ 
face.  It  was  apparent  that  production  was  limited  to 
the  phytoplankton  and  fixed  algae  in  the  creeks  and 
that  there  was  no  appreciable  production  on  the  sur¬ 
face  of  the  mud.  The  C02  moving  from  the  mud 
surface  into  the  shallow  water  flooding  the  marsh 
surface  completely  swamped  any  production  by  phyto¬ 
plankton  that  may  have  been  carried  along  in  the 
water.  The  small  creeks  were  marked  during  the  ebb 
by  the  fact  that  they  carry  proportionately  more  of 
the  water  draining  the  surface  of  the  niarsh  and  less 
of  the  water  that  has  remained  in  the  creeks  where 
most  of  the  prixluction  took  place. 

It  is  apparent  that,  while  the  persistence  of  p(.'<)2 
changes  are  of  great  value  in  marking  water  and  in¬ 
dicating  the  biological  activity  that  has  occurred  in 
that  water,  it  is  necessary  because  of  that  persistence 
tc  Know  oomctl.ir.g  of  the  history  of  the  water  being 
studied  and  to  lie  certain  that  the  mass  can  be  fol¬ 
lowed  throughout  the  study.  One  cannot  assume 
equilibrium  as  a  starting  condition,  as  one  can  often 
do  with  oxygen. 

PRODUCTION’  IN  WOODS  IIOI.E  WATERS 
pC02  Measurements 

Measurements  of  pC02  were  made  at  irregular  in 
tervals  on  the  water  flowing  through  Woixls  Hole 
from  October.  1961,  up  to  March.  1964.  A  small  lxi.it 
was  taken  into  the  current  through  the  Hole,  or 
measurements  were  made  at  the  dock  at  times  when 
there  was  a  strong  flow  past  it  from  the  Hole.  Tern- 
|x.-ratures  were  measured  at  the  same  times.  Wind 
velocities  were  taken  from  l’.  S.  Weather  Bureau 
records  for  Nantucket  Island.  The  root  mean  snttarr 
from  the  daily  weather  maps  -  as  used  in  winter,  the 
average  from  the  weather  summit..-  in  summer, 
when  there  is  less  variation. 

I  he  pCOs  is  high  during  the  summer  i  Fig.  3> 
while  the  prixluction  from  the  spring  and  summer  i- 
I  icing  respired  hv  the  bacteria  and  other  consumers  m 
the  water  column.  Values  reach  nearly  twice  satura¬ 
tion.  Biological  activity  drops  off  in  fall,  and  the  con 
curt  rut  tniijx-r.ilurc  drop  and  autumnal  storms  reduce 
the  pC<  )2  toward  equilibrium  with  the  air  Further 
teiii|H-rature  drop  and  the  beginning  of  the  spring 
bloom.  Ix-tler  Called  Ihr  winter  IiIixhii,  reduce  the 
l><  (I-  to  as  Idtlr  as  150  ppm  Warming  in  spring 
and  deroni( sis. turn  of  toe  winter  Mourn  again  raise 
tlx-  |d  <  to  -umilirr  levels 

Value*  ior  net  production  are  calculates)  front  the 
pt  t  >3  in  Table  1  Flu*  through  the  surface  film  is 
calculated  with  thr  lorniiil.i  above  and  is  negative 
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Table  1.  Production  calculated  from  pC02  data 
for  Woods  Hole  waters.  Monthly  intervals  for  1961 
and  1962,  two-week  intervals  for  1963-1964. 
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water. 

FOs  tension  in 

creases  by  4'/  percent  "F.  with  '■ising  tcm|H*rature. 
1’roduction  is  calculated  by  : 


/’  in  ml.  cm*  =  /  -  10- (A  —  A(>  J 

where  /  is  the  flux  through  the  surface  film  in  cm* 
cm*;  />  is  the  depth  of  the  mixed  layer  in  cm  taken 
to  be  40(1  for  Woods  Hole;  </i FO*  d  pCO,  is  the 
reciprocal  of  the  slojic  taken  Irom  the  line  of  appro¬ 
priate  salinity  in  Figure  1,  expressed  in  ml  1  atm; 
A  is  the  change  in  pFO.,  in  atm;  and  A(.  the  change 
in  pCO..  due  to  tem|>erature  change.  The  production 
value  was  converted  to  units  of  gm  m*  bv  m  <iplving 
by  »*/„,. 

Net  production  was  (xisitive  from  l)eccu;lx.i  or 
late  Novemlier  through  March  in  both  winters.  It 
was  highest  toward  the  end  of  winter  when  the  light 
was  greatest,  and  somewhat  lower  during  the  height 
of  winter  when  cloudy  weather  was  most  common. 

1  here  was  a  rapn,  change  to  negative  values  in  early 
spring  and  high  negative  net  production  throughout 
the  summer.  The  |*  sitivc  net  production  lietwmi 
Octofier,  I**f- 1.  and  August,  19tv2,  amounts  to  a  little 
more  than  15  gin  C  m*.  while  :he  negative  production 
is  nearly  37  gm  F  m* 

Fiuomrriiv  1 1  u  Mr  v  a  iritiNts 

k  hlorophv  ||  determinations  were  made  by  Yrntsch 
on  water  collectevl  at  the  dork  in  Woods  Hole  (  Taldc 

2  and  Fig  3>.  Radiation  values  were  taken  from 
F  S  Weather  Bureau  records  tor  Newport.  Rhode 
Island,  for  1961 -l‘Jt.2.  and  the  later  values  were  esti¬ 


mated  by  comparing  records  of  radiation  and  weather 
for  previous  years  with  current  ones.  The  extinction 
coefficient  was  taken  to  be  0.5,-  in  during  winter  and 
l,tn  during  the  rest  of  the  year.  Production  was 
calculated  by  the  method  of  Ryther  and  Yentsch 
(1957).  These  data  change  from  1962  to  1963  at  the 
beginning  of  June,  while  the  pFOa  data  change  at  the 
end  of  Septemlier. 

Chlorophyll  is  high  during  the  winter  bloom  and 
in  tlie  summer,  slightly  low  in  the  autumn,  and  very 
low  during  the  spring.  Calculated  photosynthesis  is 
highest  in  summer,  with  a  smaller  peak  in  midwinter. 

Respiration  was  calculated  by  subtracting  the  net 
production  from  photosynthesis  (Table  2).  Respira¬ 
tion  ranged  from  2.5  to  0.(14  of  photosynthesis.  If 
algal  respiration  ranged  lielvveen  1  and  Fo,,  of 
photosynthesis,  which  might  lie  exacted,  then  most 
of  the  time  respiration  of  the  consumers  is  consider 
ably  greater  than  that  of  the  producers 

In  two  intervals  the  calculation  yields  a  negative 
value  for  respiration.  This  results  from  the  arbitrary 
choice  of  sampling  times  and  lack  of  coordination 
lietween  the  two  sets  of  data. 

The  total  calculated  photosynthesis  was  70  gm  C/m* 
for  the  October  to  August  interval ;  total  respiration 
in  the  same  interval  was  92  cm  C  in*.  The  imbalance 
in  net  production,  therefore,  amounts  to  aliout  Vj  of 
the  photosynthesis.  The  difference  can  lie  attributed 
to  inflow  of  organic  matter  from  Nantucket  Sound  to 
the  east.  Nantucket  Sound,  with  its  broad  areas  of 
shallow,  well-mixed  w.-ter  over  the  shoals,  is  more 
productive  according  to  our  pF()2  measurements  than 
the  Vineyard  Sound-Woods  Hole- Buzzards  Bay  water 
which  we  are  discussing  here.  The  net  noil-tidal  drift 
southwest  along  the  coast  would  bring  some  of  this 


Table  2.  Photosynthesis  calculated  from  light  and 
chlorophyll  a.  and  calculation  of  respiration. 
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water  with  its  organic  matter  into  our  study  region 
where  it  would  be  consumed. 

The  measurement  of  carbon  dioxide  tension  in 
waters  is  a  quick  and  efficient  way  of  measuring  what 
biological  activity  has  actually  occurred  in  the  water. 
It  avoids  the  problems  encountered  by  enclosing  water 
in  bottles  or  assuming  a  constant  relationship  between 
pigment,  light,  and  photosynthesis:  and  it  often  yields 
the  added  dividend  of  information  on  the  circulation 
and  distribution  of  organisms  in  the  water  being 
studied. 

Author'*  Sote:  This  paper  is  Contribution  No.  147? 
of  Woods  Hole  Oceanographic  Institution.  The  work 
was  supported  by  National  Science  Foundation  Grant  No. 
GB  539. 
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Microbiological  Assays  of  Sea  Water  Using  Radioisotopes — 
An  Assay  for  Vitamin  B12  Measured  by  Cu  Assimilation 

KKXXKTH  GOLD 

i. a  wont  Geological  Observatory,  Columbia  University,  Palisades,  .\'<”r  1‘nrU 


Our  knowledge  of  the  distribution  and  amounts  of 
organic  constituents  oi  sea  water  is  sparse.  It  is 
widely  believed,  however,  that  these  substances  play 
an  important  role  in  regulating  species  distribution, 
succession,  and  blooms  of  phytoplankton.  Since  the 
compounds  involved  exert  their  influence  at  extremely 
low  concentrations,  often  subniicrogram  amounts,  bi¬ 
ologist-  have  had  to  rely  upon  microbiological  deter¬ 
minations  for  their  detection.  Such  assays  have  !>cen 
made  available  for  most  of  the  compounds  which 
stimulate  the  growth  of  lalmratory  cultures. 

In  marine  bioassay  technology,  the  greatest  em¬ 
phasis  has  been  placed  upon  methods  of  detecting  vita¬ 
min  It  has  not  yet  been  shown  whether  or  not 

the  vitamin  is  a  limiting  factor  in  estuaries,  where  R!2 
concentration  is  usually  high  as  a  result  of  its  terrig¬ 
enous  origin  or  of  bacterial  activity.  However,  the 
fact  that  it  is  an  absolute  requirement  of  so  many 
phytoplanktons  in  culture  has  resulted  in  considerable 
speculation  about  its  role  in  triggering  blooms.  As  a 
result  there  arc-almost  a  dozen  organisms  which  can 
now  be  used  for  assaying  the  vitamin  in  sea  water. 
Reiser  '  1963)  listed  six  freshwater  and  marine  spe¬ 
cies.  Tl.e  lowest  limits  of  sensitivity  were  between  0.1 
and  1  0  fifig/mi.  Assays  employing  photosynthetic  or¬ 
ganisms  usually  take  from  4  to  21  days  for  completion, 
whereas  hetcrotrophic  assays  are  considerably  faster 
(20-36  hr).  Rythcr  and  Guillard  (1962)  reported  an 
assay  using  the  rapidly  growing  sensitive  marine  di¬ 
atom  Cyclotella  tiana,  and  demonstrated  that  it  re¬ 
sponded  linearly  to  BI2  from  0  to  2  /x/ig/ml  in  four 
days. 

The  responses  to  varying  concentrations  of  B,2  are 
measured  directly  in  one  of  several  ways.  The  most 
usual  is  to  compare  cell  density  or  optical  density  after 
incubation.  Less  frequently  extracted  pigments  are 
used  as  the  criterion  of  response  to  B,2. 

Standards  are  prepared  with  known  amounts  of  B12 
added  to  a  Bjn-free  medium  (external  standard),  or 
with  R,2  added  to  sea  water  which  is  being  assayed 
(internal  standard).  Growth  in  seawater  samples, 
suitably  diluted  or  full  strength,  is  then  compared 
with  the  standards. 


1  Prf v-nt  ad'lrrit:  OWxwn  I Jiboritorifi  of  Marine  Science!,  New 
York  Zoological  Society,  Brooklyn,  New  York. 


MICROBIOLOGICAL  ASSAYS  USING 
RADIO!  SOT<  >I*!*:S 

Microbiological  assays  using  ladinisotopcs  are  i 
new  concept  in  microdeterminations  of  seawater  con¬ 
stituents.  Jt  is  hojtcfully  believed  that  a  number  of 
isotopes  will  f>e  useful  for  such  analyses.  This  paper, 
however,  will  be  confined  to  a  bioassav  using  carbon- 
14. 

Microbiological  determinations  using  radioisotopes 
have  been  reported  in  allied  fields.  Levin  ct  al.  ( 1957) 
used  a  basal  medium  with  C,4-!alx*led  substrates  in  an 
analysis  of  water  for  coliform  organisms.  Heim  ct  al. 
(1960)  determined  antibacterial  activity  of  four  anti¬ 
biotics  to  four  species  of  bacteria  by  a  radioisotope 
method.  Some  other  unusual  applications  of  these 
methods  are  in  the  detection  of  extraterrestrial  micro¬ 
biological  activity,  in  petroleum  geology  (Levin,  1963) 
and  in  the  detection  of  biological  activity  in  jet  fuel 
filters  (Becker  and  Galvclli,  1964). 

The  criterion  of  response  in  seawater  assays  is  the 
incorporation  of  a  radioisotope  through  a  metabolic 
process  as  a  measure  of  the  stimulatory  effects  of  a 
growth  factor.  The  process  need  not  l>c  the  incorpora¬ 
tion  of  the  labeled  growth  factor  itself,  but  this  pos¬ 
sibility  is  not  ruled  out  (c.g.,  isotope  dilution).  In 
the  assay  presented  here,  C14  incorporation  through 
photosynthesis  by  a  sensitive  marine  diatom  is  the  cri¬ 
terion  of  response  to  B)2.  This  indirect  approach  is 
useful  for  a  number  of  reasons.  Since  the  common 
physiological  denominator  is  the  rate  of  photosyn¬ 
thesis,  the  physiological  condition  of  every  cell  in  the 
population  is  considered.  Live  and  moribund  cells  are 
immediately  differentiated,  and  size  variation  among 
cells  becomes  less  important.  This  factor  may  be  of 
considerable  importance  under  extreme  conditions  of 
depletion  and  enrichment,  and  no  attempt  has  been 
made  in  the' past  to  account  for  it.  Optical  density 
measurements,  and  to  some  extent  pigment  analyses, 
partially  overcome  these  difficulties. 

We  know  that  considerable  amounts  of  extracellular 
materials  may  be  produced  by  photosynthetic  protists 
(McLaughlin  ct  al.,  1960),  When  they  are  labeled 
with  C14,  these  exudates  can  help  to  increase  the  sen¬ 
sitivity  and  speed  of  microbiological  assays.  Insolu¬ 
ble  C,4-labe!ed  organic  compounds  are  easily  collected 
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by  filtration  along  with  lar»e-letl  cells.  It  is  not  yet 
known  to  what  extent  soluble  compounds  add  to  the 
sensitivity  of  assays,  and  under  what  conditions  they 
appear  in  the  supernatants  of  culture  media. 

Rapid  assays  offer  additional  advantages :  <  1 )  Cul¬ 
tures  have  less  time  to  accumulate  auto-inhibitory 
products.  These  depend  on  the  species,  of  course,  but 
organisms  which  may  have  been  unsatisfactory  for 
assays  because  of  self-poisoning  may  now  lie  useful. 
(2)  Nutrients,  other  than  the  experimental  growth- 
factor,  will  not  become  limiting  before  the  end  of  the 
assay.  This  possibility  always  exists  when  nutrients 
for  a  week  or  more  must  be  present  at  the  beginning 
of  an  assay.  A  careful  balance  must  exist  lietween 
what  is  required  during  the  growth  period,  and  con¬ 
centrations  which  inhibit  growth  at  the  outset.  This 
limitation  is  unlikely  in  short-term  assays.  (3)  A 
final  advantage  is  that  a  small  number  of  cells  is  re¬ 
quired  and  only  one  or  two  divisions  occur.  Shading 
of  cells  within  the  tubes  or  flasks  is  therefore  mini¬ 
mized. 

Ryther  and  Guillard  (1959)  found  that  when  Sar¬ 
gasso  Sea  water  was  enriched  with  a  trace  element 
mixture,  one  or  more  of  its  components  stimulated 
Ci4  assimilation.  Menzel  and  Ryther  (1961)  deter¬ 
mined  by  the  enrichment-Cu  method  that  the  active 
member  of  the  mixture  was  iron.  Their  experiments 
represented  a  considerable  saving  of  time  over  the 
usual  methods  which  relied  on  changes  in  cell  density. 
Goldman  (1960,  1961)  used  similar  enrichment  meth¬ 
ods  in  fresh  water.  He  found  that  production  was 
limited  by  molybdenum  in  a  California  lake,  and  by 
magnesium  in  a  lake  in  Alaska.  He  also  found  that 
when  Sccncdesmus  quadricattda  was  depleted  in  nitro¬ 
gen  and  subsequently  enriched  with  nitrate.  C14  as¬ 
similation  increased  within  minutes.  Assimilation  in 
the  unenriched  control  remained  at  a  low  and  constant 
level. 

Tt  was  not  unreasonable  to  believe,  therefore,  that 
if  a  depleted  culture  responded  to  an  enrichment  by 
a  several-fold  increase  in  C14  assimilation,  it  might 
respond  proportionately  to  varying  amounts  of  the 
nutrient.  Furthermore,  it  should  he  possible  to  meas¬ 
ure  threshold  levels  of  the  enrichment.  The  lowest 
concentration  to  elicit  a  response  would  he  the  "limit¬ 
ing  concentration”  for  that  population.  The  threshold 
responses  would  be  a  function  of  the  number  rnd 
physiological  condition  of  the  cells,  and  the  degree  of 
their  depletion  of  the  growth  substance. 

experiments  were  performed  to  test  these  hypothe¬ 
ses.  It  was  not  possible  to  predict  whether  the  in¬ 
creased  CM  assimilation  would  result  from  a  new  and 
larger  stationary  population,  or  from  populations  with 
metabolic  rates  which  varied  due  to  differing  concen¬ 
trations  of  enrichment. 

In  the  initial  experiments  Skclctoncma  coslnlum 
was  grown  in  an  iron-deficient,  enriched-seawater  me¬ 
dium.  Aliquots  of  depleted  culture  responded  to  addi¬ 
tions  of  iron  within  a  24-hr  period.  The  ratio  between 
C14  assimilated  (heavily  enriched)  arid  C14  (unen¬ 


riched)  was  9:1,  and  there  were  intermediate  re¬ 
sponses  for  concentrations  of  iron. 

Intensive  e.\|x  -imentation  with  Glcnodinium  Italli 
followed  (Gold,  1964a).  It  was  depleted  in  B,_  by- 
serial  transfers  in  B12-free  medium  Aliquots  were 
enriched  with  varying  amounts  of  BI2  and  incubated 
for  24  hr.  Rates  of  photosynthesis  were  mease, red  by 
C14  assimilation  (C14  as  C1402).  Linear  dose-re¬ 
sponse  curves  were  obtained  at  low  B12  concentra¬ 
tions.  A  comparison  with  cell  counts  after  48  hr 
showed  that  the  number  of  cells  had  tripled  at  the 
highest  B12  concentration,  whereas  the  C14  assimila¬ 
tion  was  approximately  ten  times  greater  than  in  the 
unenriciied  control.  The  increased  sensitivity  was 
more  striking  in  cultures  where  it  was  impossible  to 
detect  cel!  differences  between  B , concentrations,  but 
there  were  differences  in  C14  assimilation. 

The  results  with  Nitsschia  chstcrium  gave  essen¬ 
tially  the  same  picture  for  responses  to  phosphorus 
using  C".  The  number  of  cells  doubled  where  phos¬ 
phorus  was  high.  However.  C"  assimilation  with  high 
phosphate  was  eight  times  greater  than  in  the  un- 
enrichcd  control. 

ASSAYING  SKA  WATER  BY 
RADIOCARBON 

A  complete  procedure  and  a  discussion  of  the  physi¬ 
ological  implications  of  this  assay  have  been  reported 
elsewhere  (Gold.  1964b). 

This  assay  requires  a  sensitive  test  organism  which 
is  well  depleted  in  the  growth  factor,  B)2.  Cyclo- 


%  SEAWATER  CONTAINING  B12 

Fig.  1.  A  typical  Bu  assay  showing  external  standard 
(closed  circles),  internal  standard  (triangles),  and  assayed 
sea  water  (open  circles).  The  external  standard  contained 
3(Wg  Bn/ml  at  100  percent  (Gold,  1964b). 
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tella  liana  was  used,  which  was  generously  supplied 
by  Drs.  J.  H.  Rythcr  and  R.  R.  L.  Guillard  of  the 
Woods  Hole  Oceanographic  Institution.  It  was  de¬ 
pleted  by  two  successive  transfers  in  B12-free  medium. 
When  the  second  transfer  was  3-7  days  old,  the  cells 
were  viable,  but  growth  was  limited  by  the  absence 
of  B|o.  One-nil  aliquots  of  inoculum  were  added  to 
9-ml  portions  of  assay  medium,  which  resulted  in  ex¬ 
tremely  low  initial  cell  densities  and  little,  if  any, 
carried  over. 

The  assay  solutions  were  prepares'  in  a  new  way : 

External  Standard — Usually  tb '  contents  of  each 
tul»e  is  added  separately ;  tin?  '  ■  combining  ali¬ 

quots  of  solutions  containing  varying  amounts  of  Bi». 
an  aliquot  of  nutrien;  solution,  and  ar.  aliquot  of  sea 
water  or  artificial  medium  without  B,2.  T: -.stead.  B!2- 
free  < activated  charcoal-treated)  sea  w  ter  was  en¬ 
riched  and  divided  into  two  aliquots.  One  aliquot  was 
further  enriched  with  a  known  amount  of  B!2  <  10,  20. 
30  m  g  ml  i  and  was  dispensed  into  tubes  in  varying 

amounts  of  0.  0.1.  0.2 . 9  ml.  The  volume  was 

then  brought  to  9  nil.  wherever  possible,  with  the  B12- 
’’ree  aliquot.  \\  hen  one  ml  of  Bl;-free  inoculum  was 
added  to  each  tube,  the  dilutions  represented  1-90 
percent  of  the  initial  B12  concentration. 

Assay — Enriched  sea  water  which  was  not  charcoal 
treated  was  diluted  with  charcoal-treated  ( enriched) 
sea  water  rt  the  same  proportions  as  the  external 
standard. 

Internal  Standard — This  solution  was  the  same  as 
Assay,  above,  with  the  exception  that  prior  to  dis¬ 
pensing  the  sea  water  a  known  amount  of  B12  (usu- 
aliv  15  hhK  ml )  was  added.  Ey  comparing  the  three 
curves,  it  was  possible  to  calculate  the  amount  of  B,; 
in  the  sea  water  and  determine  whether  any  other 
growth  stimulants  or  inhibitors  were  present. 

Incubation — The  tulies  were  placed  in  a  tempera¬ 
ture-controlled  room  ( 21  °C.)  at  600  ft-c  light  inten¬ 
sity.  The  cultures  were  incubated  overnight.  Approxi¬ 
mately  20  hr  after  inoculation  each  culture  received 
an  aliquot  of  a  C,4-containing  solution  ( C14  as 
Na2CI403).  Incubation  was  then  continued  for  an¬ 
other  2-  to  4- hr  period  during  which  the  radioactive 
carbon  was  fixed. 

Harvesting  the  Cells  and  Plotting  the  Data — In  all. 
approximately  24  hr  elapsed  between  the  time  of 
inoculation  of  the  assay  and  the  end  of  the  C14  in¬ 
corporation  period.  Then  the  cells  were  filtered  off 
under  vacuum  onto  membrane  filters.  The  filters  were 
dried  and  the  radioactivity  which  had  been  incorpo¬ 
rated  into  cellular  material  was  measured  in  an  auto¬ 
matic  gas-flow  counter.  The  data  were  plotted  on 
logarithmic  graph  paper.  The  lowest  limiis  of  sensi¬ 
tivity  vary  somewhat  among  the  different  figures  as 
a  result  of  the  degree  of  B12  depletion  of  the  inoculum. 

The  results  of  representative  assays  are  illustrated 
graphically  in  Figures  1-5.  The  lowest  limits  of  re¬ 
sponse  in  the  external  standards  were  not  always  de¬ 
termined.  It  appeared  from  the  data  in  Figure  1  that 
there  was  still  a  greater  useful  range  of  linearity  be¬ 
low  0.3  p/xg/ml.  since,  by  comparison,  the  Bt2-free 
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CONCENTRATION  B^fppg/ML) 

Kig.  2.  A  comparison  between  a  24-hr  C‘-assimilation 
curve  (left)  and  curves  based  on  cell  density  after  24  and 
72  hi  (right)  (Gold,  1964b). 


%  seawater  containing  b12 

Fig.  3.  Re»|Hinses  of  Cyclotrlla  nano  to  different  con¬ 
centrations  of  B»  added  to  enriched  Bn-free  sea  water. 
The  amount  of  Bn  (in  pMg/ml)  added  to  each  sample 
before  dilution  appears  along  each  C”  response  curve. 
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control  showed  very  low  activity.  Sensitive  responses 
have  been  obtained  from  0.1  *qig/mt,  and  since  the 
threshold  level  of  response  is  a  function  of  the  degree 
of  depletion,  it  is  believed  that  the  lowest  limits  can 
be  extended  ntill  further  without  sacrificing  speed  of 
the  assay. 

In  the  same  sample  there  were  differences  in  B12 
concentration  which  depended  upon  the  seawater  dilu¬ 
tion  chosen  for  comparison  with  the  standards.  The 
differences  were  not  appreciable  and  are  probably 
attributable  to  the  use  of  a  seawater  diluent  which  was 
made  B,2-free  by  activated  charcoal  treatment.  The 
sea  water  was  slightly  improved  as  a  result  of  this 
treatment,  based  on  24-hr  CM  tests.  The  cells  adapted 
to  the  differences,  however,  since  the  total  cell  yield 
after  six  days’  growth  was  the  same  in  treated  and 
untreated  water. 

It  was  stated  earlier  that  it  was  impossible  to  pre 
diet  at  the  outset  whether  the  increased  rates  of  pi  oto- 
synthesis  were  the  results  of  denser  cultures  ;o  a  new 
stationary  phase  of  growth,  or  of  varying  metabolic 
rates.  It  is  clear  now  that  both  factors  influence  tl„ 
Cu  fixation,  and  the  relative  .mpo,  .ance  of  each  must 
now  be  determined. 

The  experiment  in  Figures  3  and  4  was  to  deter¬ 
mine  whether  parallel  responses  would  be  obtained 
when  the  initial  concentration  of  B]2  varied  in  the 
range  5-30  p^g  at  ICO  percent.  The  readlts  at  5 


B12(pjjg  / ML) 

Fig.  4.  The  (.'"-assimilation  data  from  Figure  3  along 
with  additional  values  from  the  same  experiment  were 
plotted  with  respect  to  B«  concentration. 


Uligl ml  have  been  included  in  Figure  4,  but  were  not 
included  in  Figure  3  because  they  were  somewhat 
erratic.  Five  ppg/ml  is  not  recommended,  ‘herefore, 
as  an  ini  ial  concentration.  These  figures  also  demon¬ 
strate  th;  t  total  depletion  is  not  essential  for  linear 
responses,  but  sensitivity  is  sacrificed  when  depletion 
is  inadequate. 

Figure  5  represents  the  first  assay  of  an  unknown 
field  sample  using  this  new  technique.  The  arrows 
indicate  the  range  of  B]2  concentrations  of  diluted 
(1:10)  samples  of  Long  Island  Sound  water.  There 
is  agreement  between  Bi2  measured  this  way  and  the 
value  obtained  by  Vishniac  and  Riley  (1959).  In 
September,  1958,  they  detected  8.8  /ijig/ml.  The  range 
corresponding  to  the  arrows  in  Figure  5  is  84-9.4 
Pf-g/ml  (September,  1963). 

Authors  Note:  The  Long  Island  Sound  samples  were 
collected  aboard  the  Shang  Wheeler,  U.  S.  Bureau  of 
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Fig,  5.  A  24-ur  assay  for  B.,  in  sea  water  using  Cyclo- 
tella  it o iui  and  tlie  new  (.'"-assimilation  method.  The 
closed  circles  represent  the  mean  of  three  separate  tubes 
The  open  circles  represent  the  individual  tubes.  The  ar¬ 
rows  indicate  toe  n  .ige  of  Bi,  which  was  found  in  four 
samples  of  Long  Island  Sovtid  water  which  had  been 
diluted  to  10  percent  of  its  original  value  with  Bu-free 
medium.  (The  samples  were  obtained  September,  1963.) 
The  concentration  of  B,i  in  the  original  sample  was, 
flierctort.  8, 4-9.4  w»g/ml. 
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Commercial  Fisheries,  Milford,  Conn.  I  am  grateful  to 
the  director  of  the  laboratory  and  the  captain  for  the 
opportunity  to  collect  them. 

Research  for  this  paper  was  supported  by  Contract 
CU -3233-2  with  the  U.  S.  Atomic  Energy  Commission. 
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Integration  of  Field  and  Laboratory  Experiments  in  Productivity  Studies 

CHARLES  R.  GOLDMAN 
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Aquatic  environments,  both  marine  and  freshwater, 
provide  unusual  opportunities  for  combining  field 
and  laboratory  experiments.  Optimum  results  can  be 
achieved  only  through  the  careful  integration  of  in 
situ  and  in  vitro  studies.  There  are  certain  advantages 
to  conducting  experiments  in  situ,  where  organisms 
are  maintained  in  their  physico-chemical  environment 
under  the  most  natural  conditions  possible.  If  field 
conditions  of  light  and  temperature  alone  are  desired 
in  an  experiment,  we  are  painfully  aware  of  the  diffi¬ 
culty  or  impossibility  of  reproducing  them  precisely 
in  the  laboratory.  The  intensity,  spectrum,  angle,  and 
polarization  of  incident  light  change  during  the  day, 
with  small  concomitant  changes  in  temperatures.  Fur¬ 
ther,  the  organisms  may  show  varying  responses  in 
accordance  with  their  light  history.  The  difficulty 
with  light  simulation  has  been  clearly  shown  when 
attempting  to  convert  shipboard  incubation  of  pri¬ 
mary  productivity  samples  to  in  situ  measurements. 
One  of  the  most  successful  of  these  was  that  of  So¬ 
rokin  (1960),  who  made  several  comparisons  of  ship¬ 
board  and  in  situ  measurements  in  the  Sea  of  Japan. 
The  problem  has  been  further  investigated  in  two 
lakes  by  Saunders  ct  al.  (1962). 

FIELD  AND  LABORATORY 
EXPERIMENTATION 

Although  pure  cultures  of  organisms  may  be  useful, 
it  is  often  more  meaningful  to  use  the  nrturally 
occurring  organisms  at  their  normal  concentration. 
This  helps  the  investigator  to  determine  how  the 
whole  community  of  organisms  reacts  to  the  experi¬ 
mental  variables.  These  advantages  are  balanced,  in 
part,  by  certain  inherent  disadvantages  in  almost  any 
field  experimentation  that  make  execution  and  inter¬ 
pretation  more  difficult.  The  environmental  variables 
are  so  numerous  that  field  ex|>er:ments  arc  often  diffi¬ 
cult  to  control  adequately,  and  experimental  error  is 
apt  to  he  higher  than  would  lx*  the  case  if  similar 
experiments  were  conducted  in  vitro  The  choice  of 
an  experimental  site  is  certainly  important,  because 
in  situ  experiments  are  usually  conducted  more  easily 
in  small  lakes  and  estuaries  than  they  arc  in  large 
lakes  or  at  sea. 

With  good  design,  interesting  field  observations 
may  lie  better  understood  by  running  complementary 
ex|x‘i-iments  in  the  laboratory.  The  general  avail¬ 
ability  of  •  .otope- labeled  compounds  makes  it  possible 
to  conduct  a  variety  of  experiments  in  the  field  which 
might  otherwise  he  confined  to  the  laboratory.  Even 


under  Antarctic  field  conditions,  numerous  experi¬ 
ments  involving  interactions  of  light  and  temperature 
were  accomplished  with  natural  phytoplankton  popu¬ 
lations.  Some  examples  of  the  experimental  work 
done  in  both  the  Antarctic  and  California  illustrate 
this  point.  In  these  studies,  the  isotope  C14  bioassay 
method  developed  in  1957  for  investigations  of  lakes 
on  the  Alaska  Peninsula  was  used  (Goldman,  19(i0). 
The  methods  generally  employed  in  fresh  waters  are 
reviewed  by  Goldman  (1963a).  and  results  are  re¬ 
ported  here  in  counts  per  second  (cps)  where  count¬ 
ing  geometry  and  sample  thickness  are  the  same 
throughout  an  experiment.  Where  carbon  fixation 
rates  are  given,  isotope  counting  is  based  on  the 
absolute  disintegrations  as  determined  by  gas  phase 
counting. 

LIGHT  AND  TEMPERATURE  IN 
PHOTOSYNTHESIS 

Work  on  light  and  temperature  was  done  in  some 
freshwater  lakes  of  Antarctica.  Phytoplankton  physi¬ 
ologists  have  traditionally  devoted  most  of  their  ef¬ 
fort:.  to  algal  populations  in  the  laboratory,  and  con¬ 
siderable  progress  has  been  made  in  understanding 
the  relationship  of  temperature  to  light  (Stccmann- 
Nielsen.  1962).  Our  work  has  been  mainly  with  nat¬ 
ural  populations  in  the  field  with  light  intensities 
which  frequently  inhibit  photosynthesis  (Goldman  el 
al.,  1963).  Must  of  a  series  of  complementary  experi¬ 
ments  involving  recovery  from  light  injury  were  car¬ 
ried  out  in  the  laboratory  with  the  same  natural  phyto¬ 
plankton  populations. 

D;el  studies  of  photosynthesis  in  shallow  lakes  along 
the  Antarctic  coast  showed  that  maximum  rates  of 
photosynthesis  occurred  during  the  evening  when  light 
intensity  was  at  its  lowest  (Eig.  1  i.  By  using  plastic 
screening  of  different  thicknesses,  we  were  able  to  get 
neutral  density  light  filtration  for  in  situ  incubation 
of  samples  at  different  depths  and  in  water  baths  at 
various  temperatures  along  the  shore.  The  photo¬ 
inhibition  curves  of  these  natural  phytoplankton  popu¬ 
lations  could  then  be  investigated  under  natural  and 
altered  environmental  light  and  temperature  condi¬ 
tions.  Hither  (1956).  working  primal  ilv  with  pure 
cultures  of  marine  phytoplankton,  found  an  almost 
linear  relationship  between  light  intensity  and  photo¬ 
synthesis  in  the  inhibitory  range:  bowrier,  caution 
should  he  exercised  to  avoid  oversimplification  in  in¬ 
terpreting  any  asjvect  of  the  environmental  control  of 
photosynthesis  (Strickland,  19601,  We  have  previ- 
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Fig.  1.  Light  inhibition  of  photosyntliesis  in  Skua  and 
Alga  Iraki's  during  periods  of  high  light  intensity.  Carbon 
fixation  on  January  15-16,  1962.  expressed  as  mg  carbon 
fixed  per  langley  of  incident  photosynthetic  light  during 
the  incubation  time  (4  hr  each),  is  plotted  against  time. 
The  diet  course  of  total  incident  light  is  also  shown 
( Goldman  el  of.,  1963). 


ously  presented  evidence  (Goldman  el  al.,  1%3)  of 
the  two-fold  nature  of  the  effects  of  high  light  inten¬ 
sities  on  natural  photosynthesis,  applying  the  terms 
“inhibition”  to  an  immediately  reversible  depression 
effect  and  "injury”  to  a  long-lasting  effect  apparently- 
involving  a  significant  alteration  of  cellular  machin¬ 
ery.  Recovery  time  fot  the  phvtoplankton  and  pe¬ 
riphyton  which  have  been  light  “injured”  was  meas¬ 
ured  by  removing  the  imputation  to  lower  light  and 
constant  tem|>crature.  This  could  be  achieved  in  the 
field,  but  is  accomplished  best  under  the  more  constant 
conditions  of  a  laboratory  incubator. 

An  rxjieriment  on  plankton  from  Alga  Lake,  a 
clear,  sheltered,  relatively  plankton-|xx>r  pond  on  t‘a|>c 
Kvans.  indicated  that  the  quantitative  relation  of  high 
light  intensities  to  photosynthesis  may  involve  two 
stages.  In  Figure  2  we  see  »hel  as  the  iight  rose 
lieyond  the  optimum,  the  photosynthesis  fell  at  a  rate 
which  would  bring  it  to  almost  *ero  at  ambient  sun¬ 
light  intensities  (1  ly  < langley )  min).  However,  at 
about  0  5  ly  mm.  the  effect  of  increases!  sunlight  was 
reduced,  and  inhibition  became  less  marked.  In  full 
mdiglit  il  ly),  the  natural  population  pluHosyiithe- 
>i*cd  at  about  45  percent  of  its  ntaximum  rate.  Above 
0.5  ly  min  photosynthesis  dropped  linearly  at  a  rate 
of  32  |>erceii’.  of  maximum  per  langley  jter  minute, 
which  wouM  bring  it  to  *ero  net  photosynthesis  at 
slightly  over  2.3  ly  min. 


The  simplest  explanation  for  these  results  would 
involve  an  increase  of  photosynthesis  to  some  opti¬ 
mum  light  intensity,  followed  by  exponential  inhibi¬ 
tion.  The  initial  phase  of  photosynthetic  depression 
corresponds  to  the  "inhibition”  phases  measured  by 
other  means.  At  this  point  the  plankton  apparently 
is  not  protected  against  the  harmful  effects  of  the 
full  sunlight,  and  the  depression  of  photosynthesis  is 
immediate  and  short-lived.  As  light  increases,  a  spar¬ 
ing  mechanism  reduces  the  harmful  effect  of  the  high 
light  in  a  phase  which  may  correspond  to  “injury". 
Presumably  such  plankton  are  physiologically  altered 
to  compensate  for  the  bright  light,  and  this  change 
requires  some  time  for  recovery. 

The  apparent  linearity  of  these  two  phases  of  the 
inhibition  curve  is  also  noteworthy.  The  deleterious 
effects  of  radiation  are  usually  considered  to  be  loga¬ 
rithmically  related  to  the  dosage.  Here,  however,  we 
are  apparently  dealing  not  only  with  a  two-fold  de- 
pressional  system,  but  also  with  the  effect  upon  photo¬ 
synthesis  of  the  increase  in  usable  energy. 

By  altering  the  temperatures  of  cultures  in  water 
baths  on  the  lakeshore,  the  effect  of  varied  tempera- 
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Fig  2.  Photosynthetic  inhibition  of  Alga  lake  phyto¬ 
plankton  exposed  to  direct  sunlight  umler  neutral  density 
filters.  Light  intensities  user  10  langleys  minute  were 
achieved  by  adding  reflectors.  Values  of  {  are  equal  to 
l>hotcsynthctic  carbon  assimilation  at  a  given  light  inten¬ 
sity  divklrd  by  the  maximum  photosynthesis  that  was 
achieved  by  the  phytoplankton  in  the  experiment. 
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Fig.  3.  Alga  Lake  phytoplankton  cultured  in  the  light 
and  dark  at  various  temperatures.  Light  bottles  were  ex¬ 
posed  to  inhibiting  incident  light  The  depressing  effect  of 
high  light  was  removed  by  shielding  a  culture  with  four 
neutral  density  filters,  as  indicated  in  the  figure  by  4  sh, 
to  14  percent  of  incide.it  light.  Response  was  measured 
in  counts/second  of  assimilated  C“.  Geometry  and  sam¬ 
ple  thickness  were  the  same  for  all  samples  counted. 

tures  on  carbon  assimilation  by  the  phytoplankton  of 
Alga  Lake  was  investigated  under  the  prevailing  in¬ 
hibitory  light  conditions.  Dark  controls  were  main¬ 
tained  in  these  experiments  as  a  measure  of  non¬ 
photosynthetic  carbon  uptake  and  adsorption.  The 
Alga  Lake  phytoplankton  at  this  time  consisted  largely 
of  Rhodcmonas  sp.,  a  cryptophycean  unicell.  Mem¬ 
bers  of  this  division  contain  phycobilin  pigments  simi- 


temf-erature  in  *c 


U<3  MOLYBDENUM/ LITER 

Fig.  S.  Distribution  of  molybdenum  and  temperature  in 
Castle  Lake,  California,  after  an  experimental  addition  of 
sodium  molybdate  on  July  23, 1963. 

lar  to  blue-green  and  red  algae  (O  hF.ocha,  1962), 
and  some  species  have  been  shown  to  excrete  an  ex¬ 
tracellular  carbohydrate  (Guillard  and  Wangerskv. 
1958).  It  would  be  interesting  to  learn  through  in 
vitro  studies  how  the  pigment  composition  affects  sen¬ 
sitivity  to  light  inhibition  ar.d  injury,  and  if  the  pro¬ 
duction  of  extracellular  products  of  photosynthesis  is 
related  in  any  way  to  the  sparing  mechanism  sug¬ 
gested  above.  The  Antarctic  experiments  revealed 
that  at  i  light  level  of  one  Iv /min  a  metabolic  opti¬ 
mum  was  found  at  about  7°  C.  with  minima  at  both 
higher  and  lower  temperatures  (Fig.  3).  By  shield¬ 
ing  two  cultures  to  give  14  percent  of  incident  light, 
it  was  possible  to  remove  the  depressing  effect  of  high 
temperature  at  the  inhibiting  light  level.  The  depres¬ 
sion  of  carbon  assimilation  at  high  temperatures  in 
the  dark  as  well  as  in  the  light  in  these  psychrophilic 
algae  is  of  interest.  High  temperatures  are  thought 
to  increase  dark  uptake  of  C14  (Saunders  cl  al.,  1962), 
but  these  workers  dealt  with  organisms  adapted  to 
thermal  regimes  of  temperate  regions  rather  than  of 
very  cold  ones. 

These  conclusions  were  confirmed  by  later  experi¬ 
ments  in  Alga  Lake  (F'ig.  4),  which  indicated  that 
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Fig.  4.  Variation  in  photosynthesis  ( solid  lines)  and 
Q„  (dashed  lines)  as  measured  by  C"  assimilation  by 
phytoplankton  sn  Alga  and  Skua  lakes  at  2.4  and  11.6'C. 
and  various  light  intensities.  Reduced  light  was  obtained 
with  neutral  density  filters. 
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Fig.  6.  Response  by  cultures  of  natural  phytoplankton 
populations  in  Castle  and  Heart  lakes  to  molybdenum  ad¬ 
ditions  before  and  after  a  molybdenum  addition  to  Castle 
Lake  on  July  23,  1963. 
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Fig.  7.  Primary  productivity  as  measured  by  the  C* 
method  in  Castle  Lake,  California,  during  the  summer  of 
1963.  A  molybdenum  addition  of  7.5  parts  per  billion  was 
made  on  July  23,  1963,  to  the  lake's  epilimnion. 

low  temperature  has  a  sparing  effect  on  photosynthe¬ 
sis  in  inhibiting  light.  This  was  not  found  to  be  the 
case  in  the  more  turbid  and  somewhat  warmer  Skua 
Lake,  which  may  indicate  that  the  species  present  in 
Skua  Lake  were  not  so  adapted  to  cold  as  those 
found  in  Alga  Lake. 

NUTRIENT  LIMITING  FACTORS  AND 
INTERACTION 

Since  the  discovery  that  molybdenum,  potassium, 
and  sulfur  are  nutrient  factors  limiting  productivity 
in  Castle  Lake,  California  (Goldman,  1960),  the  lake 
has  been  under  continuous  study.  The  addition  of 
K2SO«  was  more  stimulating  than  the  addition  of 
either  potassium  or  sulfate  separately.  After  develop¬ 
ing  a  method  sufficiently  sensitive  to  detect  molyb¬ 
denum  to  0.5  g/1  (Bachmann  and  Goldman,  1964),  an 
addition  calculated  to  give  7.5  g/1  in  the  epilimnion 
was  made  to  the  surface  waters  of  the  entire  lake.  An 
analysis,  made  immediately  after  the  addition  of  mo¬ 
lybdenum,  indicated  that  the  wind  had  thoroughly 
mixed  the  molybde.ium  into  the  water  to  the  depth  of 
the  thermal  discontinuity.  The  extreme  stability  of 
the  thermocline  and  the  conservative  behavior  of  the 
element  is  shown  iu  Figure  5. 

The  culture  experiments  which  paralleled  the  addi¬ 
tion  of  molybdenum  to  the  lake  showed  continued 
stimulation  with  the  addition  of  molybdenum  to  con¬ 
trol  cultures  from  Heart  Lake,  but  there  was  an  im¬ 
mediate  end  of  response  in  Castle  Lake  after  fertiliza¬ 
tion  (Fig.  6).  The  use  of  a  control  lake  enabled  us 
to  be  certain  that  the  end  of  the  molybdenum  response 
in  the  lake  was  not  caused  by  some  population  change 
within  the  lake.  Figure  7  indicates  the  annual  pri¬ 
mary  productivity  before  and  after  the  Mo  addition. 
The  initial  inhibition  that  immediately  follows  the  mo¬ 
lybdenum  addition  is  characteristic  of  response  to 
trace  element  addition.  The  fertilizing  effect  is  less 
apparent  because  the  molybdenum  was  confined  to  tin 
epilimnion  and  productivity  of  the  whole  water  col¬ 
umn  is  shown  in  the  Figure.  The  initiation  of  greater 
in  situ  culture  response  to  potassium  and  sulfur  addi¬ 
tions  was  interesting,  ss  well  as  the  first  evidence  of 


nitrogen  and  phosphorus  deficiency  in  the  lake  after 
the  molybdenum  deficiency  was  alleviated  (Fig.  8). 

When  dealing  with  nutrient  factors,  it  is  obvious 
that  one  must  lie  alert  to  the  intricate  interrelation¬ 
ships  ot  the  nutrient  requirements  of  phytoplankton. 
Not  only  does  the  level  of  one  factor  affect  the  avail¬ 
ability  of  others  (Goldman.  1960),  but  also  the  sea¬ 
sonally  changing  phytoplankton  populations  have  dif¬ 
ferent  nutrient  requirements.  An  effective  treatment 
of  this  problem  strains  to  the  limit  the  integration  of 
field  and  laboratory  experimentation.  The  best  solu¬ 
tion  is  an  experimental  design  which  will  allow  a 
multiple  analysis  of  interrelated  variables  which  can 
be  handled  under  field  conditions,  and  this  approach 
now  appears  to  be  feasible.  The  use  of  response  sur¬ 
faces  is  described  by  Box  (1954)  as  a  means  of  at¬ 
taining  optimum  conditions  in  industrial  experiments. 
Although  developed  for  purely  chemical  experiments, 
the  general  approach  has  been  used  in  other  research 
areas,  and  appears  promising  for  determining  opti¬ 
mum  nutrient  concentrations  in  both  field  and  labora¬ 
tory  expei  imenL.  Box  stressed  the  point  that  the 
experimenter  must  decide  what  space  is  to  be  ex¬ 
plored  ;  the  statistician  can  only  indicate  the  best  way 
it  can  be  explored. 

The  first  of  a  series  of  these  four-dimensional  i*» 
situ  experiments  on  limiting  factors  was  conducted 
during  March,  1964,  at  Castle  Lake,  California.  In 
the  study  at  Castle  Lake,  productivity,  as  measured 
by  Ca  assimilation,  is  a  function  of  the  three  nutrient 
variables — the  molybdenum,  potassium,  and  st*!*  r 
concentrations.  A  graph  of  this  function  w-ould  sIk  w 
each  point  on  the  surface  with  four  coordinates — three 
for  the  three  elements,  and  one  for  the  change  in  the 
productivity  value  (Fig.  91.  The  productivity  value 
is  derived  from  the  slope  X  10~*  of  each  res^wnse 
curve  as  measured  by  CM  assimilation.  If  a  mathe¬ 
matical  expression  for  the  function  were  known,  he 
location  of  the  relative  maximum  or  minimum  point 
or  points  on  the  surface  could  easily  be  found,  be- 
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Fig.  8.  Culture  response  of  phytoplankton  in 

Castle 

Lake,  California,  after  the  molybdenum  addition  of  July 

23,  1963,  to  the  lake.  Nitrate  and  phoaphate  were 

aikled 

as  sodium  salts. 

Bioassays  were  made  with  C*. 
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Fig.  9.  The  3-dimensional  factor  s|«ce  of  a  March. 
1964,  culture  experiment  at  Castle  Lake,  California.  The 
response,  which  is  measured  by  rate  of  C"  uptake,  is  in¬ 
dicated  beskle  each  ex|ierimrntal  point.  The  arrow  indi¬ 
cates  the  calculated  direction  of  maximum  increase  in 
response. 

cause  they  would  he  the  points  where  all  partial  de¬ 
rivatives  of  the  function  would  espial  rero  Although 
a  mathematical  expression  tor  the  function  is  not 
known,  it  can  l>e  approximated  in  the  regi'-a  of  sev¬ 
eral  experimentally  determined  (mints  by  fitting  a 
polynomial  expression  hy  the  method  of  least  squares. 
An  easy  way  to  find  the  approximate  location  of  the 
maximum  is  to  determine  a  few  rx|>erimental  points. 


Fig  10  Thr  morphiSnrtrT  of  lake  Tihv.  I  jlifsnu 
Nevada,  drawn  with  a  !2  S  I  vrrtxal  exaggeration  I  tw 
basin  is  expaned  ahxig  a  Imr  <4  maximum  length. 
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Fig.  II.  Extinction  of  incident  light  in  Lake  Tahoe, 
Califomia-Nevada,  on  August  27,  1960.  Measurements 
were  made  with  a  submarine  photometer  (Weston  856 
RR  Photocell )  without  filters. 


fit  a  first  degree  polynomial,  and  then  make  further 
investigations  in  the  direction  of  maximum  increase 
of  this  polynomial.  Despite  some  five  years  of  prac¬ 
tice  with  Mo.  K,  and  S  additions,  it  is  obvious  that 
the  area  of  the  maximum  was  missed  in  this  first 
experiment.  Once  the  maximum  has  been  approxi¬ 
mately  located,  however,  it  can  lie  surrounded  by 
several  experimental  points  in  order  to  fit  a  polyno- 
nii.il  of  high  enough  degree  to  be  a  good  approxima¬ 
tion  of  the  actual  function.  The  more  variable  the  re- 
s(K>nse  surface  the  higher  the  degree  required.  By 
setting  the  partial  derivatives  of  this  high  degrre 
|M>lynoniial  equal  to  zero,  the  maximum  can  lie  located 
with  precision.  The  arrow  is  therefore  a  vector, 
pointing  in  the  direction  of  highest  response  with  thc 
numhers  defining  its  direction. 
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STUDIES  OF  LAKF  TAHOK 

As  a  last  example  of  field  and  laboratory  experi¬ 
ments,  consider  Lake  Tahoe,  Califomia-Nevada 
which  has  received  considerable  attention  since  the 
threat  of  cultural  eutrophication  aroused  great  public 
concern.  This  remarkable  lake,  with  a  maximum 
depth  of  501  m  and  a  surface  area  of  499  km2,  has 
been  the  subject  of  productivity  studies  since  1959 
(  Goldman,  1963b;  Goldman  and  Carter.  1965  1.  1-ake 
Tahoe  was  formed  in  a  block-faulted  basin,  and  con¬ 
tains  156  km*  of  water  with  a  mean  depth  of  313  m. 
It  is  cliaiuttcrized  by  *teep  sides  and  a  flat  bottom 
(  Fig.  10).  The  great  transparency  oi  me  water,  with 
an  extinction  coefficient  for  unfiltered  light  of  only 
0.05  m"1,  is  one  of  the  major  esthetic  attractions  of 
this  extremely  oligotrophic  lake  (Fig.  11).  The  pho- 
tosvnthetic  tore  in  the  lake  extends  to  approximately 
100  m  in  the  summertime,  and  Secchi  depths  of  36  m 
have  been  recorder!  by  the  author.  In  situ  productivity 
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Fig.  14.  Stimulation  of  photosynthesis  in  cultures  of 
Lake  Tahoe  surface  water  by  the  addition  of  secondary 
treatment  plant  effluent  at  0.1  and  I  percent  by  volume 
(upper  graph).  Similar  additions  of  tie  same  plant  efflu¬ 
ent  after  retention  m  a  shallow  pond  are  shown  in  the 
lower  graph.  Assay  was  by  relative  photosynthetic  uptake 
of  C“  (Goldman  and  Carter.  1965). 

measurements  with  C‘*  from  1959  through  1962  give 
an  average  production  of  99 2  mg  C  m*,  day.  On  the 
basis  of  a  Ml  m  profile,  this  amounts  to  only  1.6$  mg 
C  m*  <lay.  The  ilegree  oi  reproducibility  is  indicated 
m  Figure  12,  where  the  results  of  replicated  light  and 
dark  bottle  sample  mcuhaiiims  are  given.  The  stand¬ 
ard  deviation  of  the  integral  carbon  fixation  amounts 
to  ll5*  jirrcrnt  of  the  c|w  when  sing*-  light  anil 
ilark  bottles  are  used  at  each  of  the  depths  sampled, 
/a  tilu  tniias-avs  luxe  indurated  nncronutrient  de- 
hcirnrirs  tn  tl* c  natural  phytoplankton  population  of 
iron,  manganese,  and  *mc  ttiuldnian.  I9f>. ). 

The  variation  in  productivity  within  »  Urge  lake 
is  well  document rd  i  Sorokin.  1959 ;  (Uitdiiian,  IHO'. 
To  determine  the  degree  of  vanabili'y  in  latke  Tahoe, 
two  synr^UK  cruises  were  made  during  the  sumnx-r  in 
l**Tv*.  ih»e  v  all  and  two  large  boats  were  Utiherd 
simultaneously  iei  the  lake  to  sample  four  Stations 
each.  The  m  Mm  measurements  at  each  station  srere 
etwnerfctf  to  a  ilay’s  phofmstitHrsis  .  .  comparison 
with  the  continuous  did  study  at  an  uadrx  stal-nn. 
The  diet  study  was  necessary  to  correct  foe  any  di¬ 
urnal  periodicity  tn  photrsrnthrsis  »  weft  a*  the 
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changes  in  tight  that  occurred  during  the  time  the 
two  large  boats  were  putting  out  and  retrieving  their 
four  stations.  The  rather  high  degree  of  variation 
at  the  different  stations  on  July  lh.  1962,  is  indicated 
in  Figure  13.  In  « iew  of  the  land  use  around  the 
shoreline  and  the  distribution  of  tributaries  contribut¬ 
ing  nutrients  to  an  unusually  oligotrophic  lake,  these 
differences,  although  they  are  cause  for  concern,  are 
not  too  surprising.  To  complete  the  study,  in  vitro 
bioassays  were  made  in  the  laboratory  with  tributary 
waters,  and  with  sewage  effluent  after  lioth  secondary 
treatment  and  a  month’s  retention  in  a  holding  |xmd 
(Fig.  14).  The  high  stimulation  to  photosynthesis 
from  the  addition  of  treated  sewage  to  Lake  Tahoe 
water  is  clearly  indicated,  and  provides  strong  evi¬ 
dence  for  it'  dangerous  eutrophicating  potential 

CONCLUSION 

In  conclusion,  it  should  lie  noted  that  estuaric'. 
like  lakes,  provide  environments  well  suited  to  a  com¬ 
bination  of  field  and  laboratory  ex|*eruncntation  They 
have  the  advantages  of  shallowness,  accessibility,  and 
the  opportunity  oi  using  natural  gr  -tits  of  tcni|K-ra- 
ture,  salinity,  and  other  environmet  variables.  Fur¬ 
ther.  tidal  Hushing  provides  a  unn|uc  opportunity  for 
short-term  fertilization  cx|*niwtits.  There  are  gi««l 
reasons  for  conducting  field  exjirriments,  where  nat¬ 
ural  conditions  of  light.  tmi|wraliire.  and  biota  persist, 
to  determine  w  hat  further  ex|»rriments  diould  be  con¬ 
ducted  in  the  laboratory. 
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The  presence  of  extracellular  organic  material*  in 
natural  sea  water  is  now  generally  recognized.  The 
precise  roles  that  these  ronqw winds  may  play  in  the 
him!) Mamies  of  the  sea  will  he  the  subject  of  investi¬ 
gation  for  years  to  come.  We  know  that  they  may  lie 
in  both  dissolved  and  suspended  states  and  that  they 
may  |Mi.,sess  biological  activity  (Collier  ct  al.,  I '>5*0 > . 
More  recently  it  has  been  shown  that  these  materials 
may  form  plate) ike  aggregates  which  may  lie  inqvor- 
tant  as  particulate  fom!  for  small  organisms  (Baylor 
ami  Sutcliffe,  I%J;  Riley,  P>6.1|.  A  precise  differen¬ 
tiation  I iet vvien  the  truly  dissolved  materials  and  col¬ 
loidal  dispersions  has  not  yet  lieen  nude,  although  Ip 
lias  lieen  used  as  an  arbitrary  lower  limit  <  Carsons. 
l'Xi.l  i. 

Invest. gallons  of  the  biological  roles  of  these  ma¬ 
terials  have  lieen  largely  devoted  to  uu.  nutrition  of 
the  unicellular  marine  hints  (  1  mvasnli,  I'Xcli.  Some 
comparatively  recent  work  lias  Iwen  done  tin  the  as 
Mutilation  of  dissolved  suhstancc  by  metar>ei  i  Secon- 
•l.it  and  Otnllier,  Collier  (  l'!5')  i  has  made 

some  studies  on  the  relationship  of  dissolved  ma¬ 
terials  to  the  respiration  of  the  oyster. 

Idle  investigation  of  tlir  chemical  nature  of  these 
com[Hiunds  lus  iKrn  handicapped  hv  ditlicillties  in¬ 
herent  in  isolating  them  front  the  relatively  large 
mas-cs  of  sea  water  involve*!.  Although  pr  press  in 
this  area  has  not  l»cen  as  rapid  as  would  lie  desired, 
there  has  !>ccn  sutheient  progress  t*  stimulate  interest 
I  he  work  of  Collier  et  al.  t  1  **53 >  deni  t.. strain)  the 
presence  of  variable  quantities  of  dissol*e*l  carUt- 
hydrate-like  materials  arvd  their  biological  activity. 
Wangersky  ll‘>5Ji  isolated  an*!  identified  ascorbn' 
acid  and  rlunmo-ndcv  Slowry  et  al  i  1‘XsJ)  CiUKen- 
tralnl  ami  ulentif’wd  fatty  acids  ironi  ileep  sea  samples 
taken  in  l lie  I  oil!  of  Mexico.  I  tirtlier  work  on  lipid* 
in  <ran  waters  was  ilooc  by  Jcrirrv  et  al  t  l'»tj  i 

Another  approach  to  an  understanding  of  live  pr-d. 
lem  is  the  prmloction  of  metabolites  by  s|iecitic  or¬ 
gan!  *  grown  umler  cmitrollrd  conditions  Collier 
i  PT5|s  i  reported  the  prmluction  of  a[iprrciahSc  quanto 
trr*  of  carbohydrate  nvatrnal*  by  live  armored  dino 
flagellate  /Veres emlrmm  and  Wangersky  ami  V iutllard 
i  I'Jfg'fi  studied  a  low  molecular  weight  organic  Isase 
produced  in  cultures  >•<  the  dtrv>rtagr!ialc  ,4mfht 
dtmimm  •  jrf.o  i 

Parsons  el  eJ  I  l**M  I  prrsr-nSrd  data  on  the  chrmi 
cal  ee*t«{wsiti<n  of  certain  pbytop!ankt«m  form*  Korn 
1 1 tfsi  I  identified  51  fatly  acids  isolated  !ri«i 
jr  ratlin  The  study  of  acids  produced  under  Uhew  atorv 


conditions  and  tin-  trophic  relationship  in  the  natural 
environment  were  investigated  and  discussed  by  Ack- 
man  et  al.  il%4i  I  be  organic  compounds  pres¬ 
ent  as  dissolved  or  suspended  materials  in  sea  water 
originate  as  metabolites  of  living  organisms  or  resi¬ 
dues  of  disintegrating  organisms.  Where  large  blooms 
of  unicellular  a’gae  occur,  it  is  itti|Ki*sible  to  differen¬ 
tiate  the  origins  of  the  extracellular  ror..|»itinds.  A 
first  step  in  this  direction  is  the  analysis  of  flic  whole 
cell.  Following  this,  a  separation  of  the  cells  from 
the  aqueous  medium  with  separate  analyses  of  both  is 
helpful.  It  is  the  purpose  of  this  paper  to  present  the 
result*  of  investigations  concerning  the  production  of 
fat»y  acids  in  lalsuatory  cultures. 

MKTHODS 

The  mass  cultures  of  the  dinollagellates  and  diatoms 
were  produced  in  10-  and  10  liter  Pyrex  Uittles  fitted 
with  p*i!yethyicne  caps  mobled  in  the  laboratory. 
These  vvcio  tilled  with  10  liters  of  a  defined  medium 
drv elojieil  by  W.  IT  Wilson  as  a  gcnera!-pur|>osc  me¬ 
dium  tor  live  growth  of  dinoflagcllates.  The  medium 
was  inoculate*!  with  10  ml  seed  cultures  derived  from 
est  ibltshrd  -locks  of  isolated  organisms 

The  very  small  diatoms  were  isolated  by  a  combi¬ 
nation  of  mdlqKii-f  filtration  ml  serial  dilution  Tbe 
latter  takes  advantage  of  tlie  high  rate  of  rrll  division 
of  thc-e  iLitoms.  1  he  formula  of  tbe  culture  medium 
usrsf  ,r  these  organisms  was  as  follows: 


loi-ijn  merit 

Amount  |>er 
1,000  ml  of 
distilled 

wafer 

Nat  I 

.’4  0  g 

Kfl 

06  g 

Mgt  Ij'tdLt  ) 

4  5  g 

MgSt  f.vliji  > 

6  0  g 

taClj 

o.*  g 

Mitn 

1  0  mg 

KdlFO, 

100  mg 

Na,S->H.O 

1  0  mg 

KNO, 

100  mg 

I>i»  dium  cthylrnnbvmme 
tetraacetate 

100  mg 

Tri*  i  by  dr  ox*  methyl  i 
jnnr.  ■  leianr  jill-X.’i 

0  4  g 

Vnmnn  If,. 

10  « 

Thiamine  l  H  i 

100  mg 

Biezm 

0  5  pg 

J5J 
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Amount  per 
1.000  ml  of 
distilled 


Component 

water 

Fe 

0.25  mg 

B 

0.25  mg 

Cr 

0.001  mg 

Mn 

0.05  mg 

Si 

0.1  mg 

Er 

0.025  mg 

Ti 

0.25  mg 

V 

0.01  mg 

This  medium  is  sterilized  by  autoclaving  at  15  psi 
for  1  minute  and  then  dispensed  in  amounts  of  10  ml 
into  pre-treated  culture  tubes. 

For  comparative  studies  other  organisms  were  in¬ 
vestigated.  These  were  collected  from  the  waters  of 
the  Gulf  of  Mexico  and  were  used  whole  without  any 
type  of  preservation  in  the  field. 

The  extraction  procedures  were  adapted  for  the  spe¬ 
cific  materials  being  studied,  and  included  filtration, 
centrifugation,  homogenization,  and  solvent  extraction 
with  appropriate  solvent  systems,  1/ophilization,  and 
dash  evaporation.  Materials  in  their  final  stages  were 
stored  at  10°  F.  No  attempt  was  made  to  assay  the 
actual  quantity  of  fatty  acids  per  unit  of  raw  material. 
All  concentrations  are  given  as  relative  percentages 
of  tot-  acids. 

P  paration  of  materials  for  submission  to  gas- 
liquid  chromatography  was  by  methylation  with  the 
boron  trifluoride-methanol  reagent  (Metcalfe  and 
Schmitz,  1961). 

The  columns  used  in  the  Research  Associate’s  gas- 
liquid  chromatograph  were  comoosed  of  20  percent 
diethylene  glycol  succinate  on  Chromosorb  VV  and  20 
percent  Apiezon  M  on  Chromosorb  W,  6080  mesh. 
Control  runs  of  known  mixtures  of  fatty-acid  esters 
were  made,  with  each  of  the  columns  packed  to  insure 
proper  interpretation  of  retention  times  and  peaks  for 
the  unknown  samples.  Helium  was  the  carrier  gas. 
and  the  flow  rate  was  35  to  55  nd/min,  depending 
upon  the  column  used.  Column  temperatures  were 
likewise  from  188s  to  225"  C.,  and  current  on  the 
detector  was  300  ma. 

The  submission  of  a  sample  to  the  gas-liquid  col¬ 
umn  resulted  in  the  separation  of  many  minor  com¬ 
ponents  which  were  indicated  on  'he  recording  as 
small  peaks  between  those  produced  by  the  known 
and  major  components.  Without  an  expenditure  of 
time  and  funds  beyond  the  scope  of  this  project,  it 
would  have  been  impossible  to  identify  all  of  these 
minor  components. 

In  Tables  6,  7,  and  8,  these  components  are  indi¬ 
cated  in  quantity  in  their  proper  position  according  to 
their  relative  retention  time,  but  without  designation 
of  identity. 

In  some  of  the  first  experiments  it  was  not  possible 
to  resolve  arachidic  from  linoleic  acids,  and  behenic 
fro-  l  arachidonic  acids.  Where  these  ambiguities  oc¬ 
cur  in  the  tables  they  are  shown. 


RKSULTS 

FaTty  Acids  in  Dinoflagei.lates 

The  dinoflagellates  studied  were  Gymnodinium 
breve,  Gymnodinium  splendens,  Glcnodinium  sp.,  and 
Prorocettlrum  sp.  All  of  these  are  associated  with  the 
estua.ine  environment,  with  the  possible  exception  of 
G  breve,  which  more  characteristically  inhabits  the 
littoral  area  of  the  Gulf  of  Mexico. 

As  compared  with  the  other  dinoflagellates.  the 
fatty  acid  spectrum  of  Glcnodinium  was  by  far  the 
highest  in  saturated  acids,  the  total  being  73.6  percent. 
Next  was  G.  splendens  with  a  total  of  61.5  percent 
G.  breve  and  Prorocettlrum  were  considerably  lowe<\ 
43.6  percent  and  42.1  percent,  respectively.  The  indi¬ 
vidual  acids  ire  shown  in  Table  1.  When  this  table 
is  examined  \<  •  see  that  Glcnodinium  and  G.  splendens 
were  also  characterized  by  high  relative  concentra¬ 
tions  of  palmitic  acid,  42.6  percent  and  44.6  percent, 
respectively.  Ptohtcentrum  and  G.  breve  yielded  less 
than  half  of  these  amounts,  12.7  percent  and  15.4  per¬ 
cent,  respectively.  There  are  other  points  of  differ¬ 
ence  between  these  species  within  the  saturated  group, 
which,  though  of  relatively  minor  quantities,  are  defi¬ 
nitely  char  .cteri Stic.  These  differences,  upon  exami- 

Table  1.  Fatty  acids  in  dinoflagellates,  percent 
methyl  esters.  Unidentified  materials  are  not  included. 
See  text  concerning  identification  of  organisms.  T  = 
trace. 


Acid 

type 

Proro- 

centrum 

sp. 

G. 

splendens 

G. 

breve 

Glenodint 

sp. 

Saturated 

G 

0.3 

0.7 

1.4 

0 

Cio 

0.4 

0.1 

1.2 

0.3 

Cia 

15.0 

5.2 

1 1.0 

08 

Ci« 

2.5 

5.2 

4.9 

11.4 

G. 

12.7 

44.6 

15.4 

426 

C„ 

11.2 

4.3 

7.7 

7.8 

Can 

0 

1.4 

2.0 

10.7 

42.1 

61.5 

43.6 

73.6 

Unsaturated  (1  =  ) 

Cl. 

2.7 

1.0 

0.6 

T 

Cw 

5.7 

11.0 

6.6 

8.9 

G> 

8.0 

13.9 

22.6 

3.2 

C», 

0 

0.6 

0 

0 

C„ 

0 

0 

0 

0.1 

16.4 

26.5 

29.8 

122 

C maturated  (2=) 

Cm 

0.1 

1.6 

1.4 

1.6 

Cm 

1.4 

0.6 

1.6 

3.5 

Cm 

0 

rt.2 

0.1 

0.4 

Ch 

0 

6 

0 

0.2 

C* 

0 

0 

0 

1.0 

1.5 

2.4 

3.1 

6.7 

Unsaturated  (3--) 

Cm 

0 

0.5 

0.9 

3.8 

Cao 

0 

0 

0 

24 

0 

0.5 

09 

6.2 
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nation  of  Table  1,  will  be  found  to  involve  lauric 
(  C',2 ),  myristic  ( C J4 ).  and  stearic  (C'm  >  acids. 

When  the  distribution  of  unsaturated  acids  is  con¬ 
sidered,  it  is  seen  (Table  I)  that  G.  breve  is  charac¬ 
terized  by  226  percent  oleic  acid.  In  fact,  this  charac¬ 
teristic  in  combination  with  the  11  percent  lauric  acid 
in  the  saturated  group  differentiates  G.  breve  not  only 
from  the  other  dinoflagellates  but  also  from  all  other 
organisms  used  in  this  study.  In  the  more  highly 
unsaturated  groups,  Glenodinium  is  the  only  dino- 
tlagellate  with  appreciable  amounts,  and  these  arc  3,5 
percent  for  linoieic  and  3.8  percent  for  linolenic  acids. 

As  a  group  it  would  appear  that  the  dinoflagellates 
used  in  this  study  tend  to  have  fatty  acid  spectra 
characterized  by  low  values  for  the  more  highly 
unsaturated  acids. 

Fatty  Acids  in  Diatoms 

The  two  dirtoms  for  which  data  are  presented  here 
are  in  a  group  of  very  small  organisms  which  we  have 
designated  as  ultradiatoms.  One  of  these,  Chaetoceros 
galvestonetusis,  has  been  described  only  recently  (Col¬ 
lier  and  Murphy,  1962),  and  the  other  has  not  been 
descrilied.  The  latter  is  designated  provisionally  as 
'‘Holothermia”  because  of  its  tolerance  of  a  broad 
range  of  temperatures  in  the  laboratory. 

Two  cultures  of  C.  galveslonensis  were  used.  An 
inspection  of  Table  2  w  ill  reveal  substantial  differences 
lietween  the  fatty  acid  spectra  for  these  two  cultures 
of  the  same  organisms.  These  differences  may  be  due 
to  different  growth  stages  of  the  cultures  at  time  of 
harvest.  Except  for  myristic  acid,  the  differences  in 
the  saturated  group  are  not  great ;  the  major  d?vi- 
ations  are  in  the  unsaturated  groups.  The  mean  tota' 
saturated  acids  for  the  two  cultures  was  39  percent, 
and  for  the  uni-  .united  acids  the  mean  total  was  36 
percent.  This  leaves  a  remainder  of  26  percent  for 
the  unidentified  acids  (actually  peaks  on  the  chro¬ 
matograms).  This  amount  is  spread  over  a  large 
range  of  retention  times  on  the  columns  used  in  the 
chromatograph.  Various  odd-numbered  chains  and 
isomers  are  probably  represented  in  this  group  of 
compounds. 

“Holothermia”  is  distinguished  from  C.  galves- 
tonensis  by  its  large  relative  amounts  of  palmitic  acid 
(26  percent)  and  palinitoleic  acid  (17  percent).  It  is 
not  possible  to  make  valid  interpretations  of  those 
acids  which  are  involved  in  the  ambiguities  mentioned 
in  the  description  of  the  analytical  methods.  Because 
of  this,  a  comparison  of  the  total  saturated  and  the 
total  unsaturated  compounds  is  not  possible.  It  is 
reasonable  to  assume,  however,  that  the  amounts  in¬ 
dicated  by  the  footnotes  arc  divided  between  the  mem¬ 
bers  of  the  ambiguous  pairs.  In  this  case  “llolo- 
thermia”  would  show  a  gi  eater  fraction  of  saturated 
acids  than  ('.  galveslonensis  and  a  correspondingly 
lesse.  amount  of  unsaturated  acids.  Beyond  this  ('. 
gulvcstoitcvsis  does  yield  a  significantly  greater  pro¬ 
portion  of  the  higher  unsaturated  acids,  especially 
those  with  five  double  bonds,  than  does  “Holothermia”. 


Fatty  Acids  in  Blue-green  Algae 

At  the  same  time  as  the  ultradiatoms  were  being 
isolated  at.d  obtained  in  pure  culture,  some  blue-green 
algae  were  obtained.  Two  morphologically  distinct 
types  were  used  in  these  studies,  and  are  referred  to 
as  Alga  2  and  Alga  4.  The  S|>ectra  for  two  different 
cultures  are  given  for  Alga  2.  In  all  three  of  these 
cases  only  9  percent,  or  less,  of  the  components  of  the 
spectra  are  unidentified.  The  ambiguities  involving 
arachidic  and  behenic  acids  arc  stiil  present  in  the 
spectrum  for  Alga  4,  but  not  in  that  for  Alga  2. 

Table  2.  Fatty  acids  in  diatoms,  percent  methyl 
esters.  Unidentified  materials  are  omitted  from  the 
tabulation.  See  text  concerning  identification  of  or¬ 
ganisms.  T  =  trace. 


“Holo- 

Chactoccros  galvcstonrnsis  tnermia” 


Acid  type 

Culture  1 

Culture  2 

Culture 

Saturated 

C. 

0 

0 

0 

c, 

0 

0 

0.5 

c. 

0 

0 

0 

c. 

0 

0 

0.1 

ClO 

0 

0 

0.5 

Cn 

2.1 

T 

0.6 

Cu 

1.2 

0.7 

1.6 

C>4 

5.6 

14.6 

11.7 

ClS 

2.5 

2.5 

2.7 

Cu 

7.3 

9.1 

26.0 

Cl7 

4.2 

4.1 

3.3 

C„ 

1.5 

0.9 

5.9 

c. 

10.  T 

_ 

0 

Ca 

12.7* 

5.9 

1.9 

47.1 

37.8 

54.8 

Unsaturated  (1: 

=  ) 

Cu 

2.5 

11.3 

17.1 

ClH 

7.5 

5.0 

2.8 

Can 

0 

0 

0.6 

10.0 

16.3 

20.5 

Unsaturated  (2: 

=  ) 

C„ 

8.7 

3.5 

2.7 

Cso 

9.7 

0 

3.8 

Ca 

- 

- 

14 

18.4 

3.5 

7.9 

Unsaturated  (3: 

=  ) 

Cu 

1 

0 

4.6 

C20 

0 

0 

0.4 

Ca 

3.6 

0 

0 

3.6 

0 

5.0 

Unsaturated  (4: 

=  ) 

C» 

12.7* 

5.9* 

3.9 

Unsaturated  (5 

=  ) 

6.2 

10.5 

0 

C» 

0 

3.9 

0 

6.2 

14.4 

0 

Total 

Unsaturated5 

38.2 

34.2 

37.1 

1  Unresolved  arachidic  or  linoieic  acid*. 

*  Unresolved  behenic  or  ararhidotiic  acids. 

*  Total  doe*  not  include  •  and  *. 


I* 

i 


'$ 

f 
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In  the  group  of  saturated  acids,  Alga  2  is  quickly 
differentiated  from  Alga  4  (Table  3)  by  the  amount 
of  myristic  acid.  Further,  its  spectrum  is  completely 
dominated  by  five  acids:  myristic,  palmitic,  palmito- 
leic,  oleic,  and  duponodonic,  whereas  the  spectrum 
for  Alga  4  is  scattered  over  a  large  number  of  acids 
and  the  inclusion  of  a  C2*  form  with  six  double  bonds 
(docosahexaenoic  acid).  Assuming  that  the  ambigu¬ 
ous  items  f1  and  *  in  the  tables)  are  arachidic  and 
behenic  acids  and  belong  in  the  corresponding  un¬ 
saturated  listing,  it  can  be  said  that  this  group  of 
organisms  produces  dominantly  an  unsaturated  spec¬ 
trum.  The  presence  of  timnodonic  acid  (C2o:s)  (eico- 
sapentaenoic)  in  the  blue-greens,  as  well  as  in  the 
diatoms,  is  pointed  out. 

Sargassum  weed  is  common  in  the  Gulf  of  Mexico 
and  is  often  driven  onto  the  beaches  in  extensive  wind¬ 
rows.  The  samples  used  in  these  analyses  (Table  4) 
were  from  rafts  of  living  plants  and  are  mixtures  of 
S.  nalans  and  „9.  fluitans. 

Table  3.  Fatty  acid  distribution  in  blue-green  al¬ 
gae,  percent  methyl  esters.  T  —  trace. 


Alga  2  Alga  4 


Acid  type  Culture  1 

Culture  2 

Saturated 

C. 

0 

0 

T 

Go 

1.0 

0 

0.3 

Cu 

1.1 

0 

2.0 

T 

T 

0 

Cu 

9.5 

14.9 

1.3 

Cu 

0 

0 

3.5 

G. 

18.8 

23.5 

14.3 

0 

0 

3.9 

Cis 

1.9 

2.8 

6.0 

Cao 

0 

0 

5.1* 

Caa 

0 

0 

5.4* 

32.3 

41.2 

41.8 

Unsaturated  (1  = 

) 

Cu 

22.2 

26.2 

0.1 

c„ 

12.4 

6.9 

14.3 

Ca 

0 

0 

0.4 

34  6 

33.1 

14.8 

Unsaturated  (2= 

T 

C.. 

0 

0 

7.3 

G» 

0 

0 

6.5 

13.8 

Unsaturated  (i— 

) 

C.. 

0 

0 

5.1’ 

Ca 

0 

0 

157 

20.8 

Unsaturated  (4= 

) 

Cto 

0 

0 

5.4* 

Unsaturated  (5= 

1 

C„ 

34 

3.2 

6.5 

Cm 

21.3 

147 

0 

247 

179 

6.5 

Unsaturated  (6— 

) 

Cm 

0 

0 

6.8 

1  Unretoived  amchtdic  or  lint  die  acids. 

9  Unresolved  Wkenic  or  sracbidoeic  acids. 


Table  4.  Fatty  acids  in  Sargassum  natans  and  Sar¬ 
gassum  fluitans  (mixed),  percent  methyl  esters.  All 
acids  showing  on  the  chromatographic  trace  are 
included. 


Acid  type 

Sample  1 

Sample  2 

Saturated 

C. 

0.26 

016 

C. 

0.07 

0.06 

C,„ 

0.29 

0.39 

Cu 

0.02 

0.02 

Cu 

0.30 

0.21 

Cu 

2.66 

2.53 

Cu 

0.45 

0.51 

G. 

2673 

33.18 

Cu 

1.90 

174 

Cm 

1.18 

0.99 

Cm 

073 

0 

34.59 

3979 

Unsaturated  (1  =  ) 

Cu 

8.15 

6.20 

Cu 

12.93 

11.44 

21.08 

17.64 

Unsaturated  (2=) 

Cu 

074 

1.05 

Cu 

6.95 

6.01 

769 

706 

Unsaturated  (3=) 

Cu 

770 

6.83 

Unsaturated  (4=) 

Cu 

6.84 

6.42 

Cm 

13.34 

13.22 

20.18 

19.64 

Unsaturated  (5=) 

Cm 

7.41 

6.83 

The  unidentified  materials  in  this  spectrum  amounted 
to  approximately  1  percent  and  the  two  independent 
analyses  are  in  good  agreement. 

The  most  outstanding  characteristic  of  these  spectra 
is  the  dominance  of  unsaturated  acids.  Palmitic  acid 
is  the  only  saturated  component  present  in  significant 
amounts.  In  contrast  to  the  other  algae,  myristic  acid 
is  not  very  abundant. 

The  unsaturated  acids  which  stand  out  are  oleic 
and  arachidonic.  When  this  spectrum  is  compared  to 
that  of  the  other  organisms  it  is  interesting  to  note 
that  timnodonic  (Cj(j;5)  is  present.  It  should  also  be 
mentioned  that  in  addition  to  the  acids  shown  in  the 
table  there  were  some  odd-numbered  chains  in  the 
spectra  for  Sargassum.  All  were  present  at  relative 
concentrations  ot  less  than  1  percent. 

Ctenophores 

Two  genera  of  ctenophores  as  representatives  of 
the  zooplankton  were  included  in  this  investigation 
(Table  5).  The  two  genera,  Mnemioflsis  and  Bcroe, 
yielded  somewhat  different  fatty  acid  spectra,  the 
principal  difference  I  icing  in  the  relative  percentage 
of  oleic  and  arachidonic  acids.  Although  the  odd- 
numliered  acids  are  not  present  in  high  concentrations 
in  the  case  of  the  ctenophores,  they  ,i’c  certainly 
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Table  5.  Fatty  acids  in  ctenophores,  percent  methyl 
esters.  Unidentified  components  are  omitted  from  the 
tabulation. 


Acid  type 

Mncmiopsis  sp. 

Bcroc  sp. 

Saturated 

ClO 

0 

0.84 

Cm 

4.28 

0.97 

Ci» 

0.92 

0.09 

G< 

3.35 

1.87 

Ci* 

2.49 

0.59 

Cie 

16.53 

12.84 

Cl7 

3.99 

2.32 

Ci* 

13.47 

11.80 

C«o 

0.93 

4.56 

c» 

1.99 

0.49 

473)? 

36.37 

Unsaturated  (1  =  ) 

G. 

6.49 

3.27 

Ci* 

6.56 

12.26 

Go 

0.21 

0 

13.26 

15.53 

Unsaturated  (2=) 

G. 

2.49 

0.90 

C« 

1.2 

3.30 

369 

4.20 

Unsaturated  (3=) 

G. 

2.83 

4.49 

U 

6.27 

3.50 

9.10 

799 

Unsaturated  (4=) 

Cao 

7.34 

10.32 

present  in  noticeable  amounts,  and  provide  some  in¬ 
teresting  points  for  differentiating  the  spectra  for 
Mncmiopsis  and  Bcriic.  For  instance,  Mncmiopsis 
gave  4.28  percent  of  undecanoic  ( C n )  acid  as  com¬ 
pared  to  0.97  percent  for  Bertie.  In  the  case  of  penta- 
decanoic  (Cm)  the  concentrations  were  2.49  percent 
for  Mncmiopsis  and  0.59  percent  for  Bcriic.  Hepta- 
decanoic  acid  (C17),  or  margaric  acid,  was  present  in 
concentration  of  3.99  percent  for  Mncmiopsis  and 
2.32  percent  for  Bcroc. 

The  principal  contrast  !>etween  the  ctenophore  spec¬ 
tra  and  all  the  others  is  the  presence  of  stearic  acid ; 
the  only  exception  in  this  respect  is  that  for  the 
armored  dinoflagellate  Proroccnlrum. 

Finally,  a  acid  ( tetracosadienoic)  was  found 
in  both  of  these  organisms  and  it  did  not  apjiear  in 
any  of  the  other  spectra. 

Distribution  of  Fatty  Acids  in  Culture  Media 

The  foregoing  pages  have  described  and  compared 
the  spectra  of  fatty  acids  contained  in  a  group  of 
planktonic  organisms.  The  presence  of  chemical  com¬ 
pounds  in  organisms  neither  precludes  nor  assures 
their  presence  in  the  fluids  in  which  the  organisms 
are  suspended.  It  is  desirable  to  know  something  of 
the  kinds  of  organic  materials  which  may  escape  into 
the  media  and  their  behavior  after  escape.  The  ex¬ 
perimental  materials  available  for  this  study  pre¬ 


sented  an  opportunity  to  investigate  this  aspect  of  the 
problem. 

The  experimental  method  was  as  follows:  (1)  the 
surface  materials  were  collected  from  a  10-liter  cul¬ 
ture  ( 16-liter  Pyrex  wide-mouth  bottle)  by  means  of 
a  special  collecting  device;  (2)  the  whole  culture  was 
processed  with  a  continuous-flow  centrifuge;  and  (3) 
samples  drawn  from  the  centrifugate  were  collected 
and  analyzed.  Tables  6,  7,  and  8  summarize  the  re¬ 
sults  from  8  independent  cultures  involving  2  blue- 
green  algae  and  I  diatom.  Unfortunately,  in  these 
preliminary  experiments,  it  was  not  possible  to  ana¬ 
lyze  organism,  film,  and  supernatant  from  each  cul¬ 
ture.  Complete  comparative  data  are  available  for  only 
one  culture — culture  4  of  Chacloceros  galvestonensu. 

An  examination  of  the  tables  reveals  that :  ( 1 )  the 
relative  quantities  of  the  fatty  acids  in  the  films  show 
no  apparent  relationship  to  those  present  in  the  cells ; 
(2)  the  spectrum  displayed  by  the  aqueous  phase  in 
all  cases  is  dominated  by  the  20:4/22:0  grouping.  It 
is  quite  likely  that  the  variations  within  each  of  the 
organisms  and  film  groups,  as  well  as  between  or¬ 
ganism  and  film,  are  subject  to  the  age  of  the  culture. 
The  characteristic  distribution  of  acids  in  the  aqueous 
phase  seems  to  hold  in  all  three  organisms. 

Evidently  there  is  a  partitioning  effect  which  may 
be  of  considerable  interest  in  its  ecological  implica¬ 
tions.  These  observations  should  be  confirmed  and 

Table  6.  Fatty  acid  composition  of  the  cells,  sur¬ 
face  film,  and  supernatant  of  Chaetoccros  yalvcstonen- 
sis  from  a  unialgal  culture.  Culture  numbers  in  paren¬ 
theses.  T  =  trace. 


Cells 

Film 

Aqueous 

Carbons 

(4) 

(7) 

(4) 

(9) 

phase 

double 

per¬ 

per¬ 

per¬ 

per¬ 

(4) 

bonds 

cent 

cent 

cent 

cent 

percent 

10:0 

0.7 

9.8 

11 :0 

2.1 

T 

0.6 

31.0 

0.9 

T 

5.1 

T 

T 

12:0 

1.2 

0.7 

2.0 

T 

1.9 

1.4 

0.5 

0.6 

14:0 

5.6 

14.6 

15.6 

2.9 

0.9 

15:0 

2.5 

2.5 

5.3 

2.4 

U 

16  0 

7.3 

9.1 

27.4 

8.9 

5.9 

*6  1 

2.5 

11.3 

17.0 

2.3 

09 

17:0 

4.2 

4.1 

T 

1.9 

2.1 

18:0 

1.5 

0.9 

4.5 

5.6 

18:1 

7.5 

5.0 

26.5 

21 

0.4 

1.6 

18:2 

8.7 

3.5 

2.1 

18:3  or  20:0 

10.0 

T 

827 

1.7 

20:2 

97 

19.2 

2.7 

1.6 

20  :4  or  22:0 

12.7 

5.9 

3.7 

20:5 

6  2 

10.5 

20.5 

10.4 

6.8 

22.3 

36 

22:5 

3.9 

Total 

FooT 

100  i 

ioo.V 

99.9 

iooo 

Ki&HgPfffRk  r '  '!itt»»w/*#w*»ir'»  •  xwnK  W^iar  • 
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extended  to  other  organisms  and  a  variety  of  experi¬ 
mental  conditions. 

DISCUSSION 

The  data  presented  in  this  paper  may  be  of  interest 
to  those  concerned  with  inter-taxa  relationships.  In¬ 
terpretations  about  these  relationships  are  necessarily 
limited  by  the  conditions  under  which  the  data  were 
collected.  The  values  for  the  fatty  acids  of  the  di¬ 
atoms,  dinoflagellates,  and  blue-green  algae  came  from 
laboratory  cultures,  while  those  for  the  ctenophores, 
Sargassum,  and  fish  came  from  samples  collected  in 
the  field.  It  has  already  been  mentioned  that  vari¬ 
ations  in  the  relative  concentrations  of  the  individual 
acids  can  be  expected  when  there  are  variations  in 
culture  conditions,  especially  the  age  of  the  culture 
at  time  of  harvest.  This  point  has  been  illustrated 
by  Ackman  et  al.  (1964). 

However,  when  the  variation  between  samples  for 
materials  brought  directly  from  the  field  is  considered, 
that  shown  by  laboratory-grown  materials  cannot  be 


Table  7.  Fatty  acid  composition  of  the  cells,  surface 
film,  and  supernatant  of  Alga  2.  Culture  numbers  in 
parentheses.  T  =  trace. 


Carbons 

double 

bonds 

Cells 

(5)  (8) 
per-  per¬ 
cent  cent 

Film 

(2)  (8) 
per-  per¬ 
cent  cent 

Aqueous 

phase 

(5) 

percent 

9:0 

0.4 

0.8 

10:0 

1.0 

2.2 

T 

2.8 

1.3 

3.8 

T 

11:0 

1.1 

1.8 

T 

3.7 

T 

T 

30 

0.2 

12:0 

2.7 

T 

0.8 

0.7 

0.8 

1.0 

T 

T 

4.3 

u 

14:0 

9.5 

14.9 

3.3 

4.1 

15 

15:0 

5.8 

6.4 

2  5 

1.1 

1.9 

4.7 

T 

T 

1.5 

16:0 

18.8 

23.5 

5  7 

15.6 

2.6 

16:1 

222 

26.2 

T 

1.8 

17:0 

7.8 

10.8 

3.3 

T 

13 

3.2 

3.8 

2.0 

18  :0 

19 

2.8 

7.2 

140 

5.8 

33) 

61 

18:1 

124 

63) 

4.6 

18:2 

7.2 

124 

1.4 

T 

18  .1  or  20  :0 

1.7 

75.3 

20:1 

33 

T 

0.8 

T 

20:2 

67 

94 

77 

20  :4  m  22  :0 

3.8 

4  5 

20:5 

3.4 

3.2 

2  5 

22:5 

213 

147 

Total 

100.0 

1000 

943 

99.1 

100.0 

Table  8.  Fatty  acid  composition  of  the  cells,  surface 
films,  and  supernatant  of  Alga  4.  Culture  numbers  in 
parentheses.  T  —  trace. 


Carbons 

Aqueous 

double 

Cells  (6) 

Film  (3) 

phase 

bonds 

percent 

percent 

percent 

8:0 

0.2 

9:0 

T 

T 

0.4 

10:0 

0.3 

0.3 

2.7 

4.6 

11:0 

2.0 

1.1 

1.7 

1.4 

0.8 

12:0 

0.9 

2.1 

T 

0.9 

1.6 

0.6 

14:0 

1.3 

2.3 

0.7 

2.1 

15:0 

3.5 

3.4 

0.6 

T 

0.9 

16:0 

4.3 

7.6 

5.0 

0.1 

16:1 

0.1 

3.6 

17:0 

3.9 

5.5 

18:0 

6.0 

12.9 

3.1 

18:1 

!4.3 

2.2 

18:2 

7.3 

9.2 

18:3  or  20:0 

5.1 

6.0 

82.5 

3.5 

20:2 

6.5 

22.4 

2.0 

20:4  or  22:0 

5.4 

11.1 

22:1 

0.4 

20:5 

6.5 

6.1 

22:3 

15.7 

22:6 

6.8 

Totals 

101.5 

100.1 

100.1 

considered  as  unexpected.  For  instance,  the  analyses 
for  the  two  samples  of  freshly  collected  Sargassum 
show  good  qualitative  agreement,  but  with  a  signifi¬ 
cant  difference  in  the  amounts  of  C,8  (Table  9).  The 
picture  in  this  case  is  somewhat  analogous  to  the  re¬ 
sults  from  two  independent  cultures  of  Alga  2.  Reiser 
et  al.  (1963)  in  tabulating  the  spectra  for  whole  car¬ 
casses  of  mullet  (direct  from  nature)  indicated  a  simi¬ 
lar  situation  except  for  greater  differences  in  some 
cases:  for  example,  24.0  percent  and  13.3  percent  of 
Ct8  acid  found  in  two  independent  samples. 

It  seems  that  some  acids  might  hr  subject  to  greater 
variation  than  others,  and  until  more  is  known  about 
the  nietaliolic  situations  controlling  the  variation, 
inter-taxa  interpretations  will  lie  very  difficult  to 
make. 

In  looking  at  Table  4  we  can  draw  a  few  generaliza¬ 
tions  which  may  lie  of  general  interest.  The  diao- 
flagcllates  and  the  blue-green  groups  seem  to  lie  low 
in  long-chain  polyunsaturates,  while  for  all  groups 
(.’m  and  t'u,  acids  arc  dominant.  The  very  small 
diatoms  show  comparatively  large  concentrations  of 
polyunsaturates,  suggesting  that  as  primary  pnxluccrs 
these  organisms  may  play  a  significant  role  in  supply¬ 
ing  the  marine  food  chain  with  such  fatty  acids. 
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cfuilio/j  Note:  This  work  wu  lupported  by  the  Office 
of  Naval  Research  under  Contract  Nonr  2119(03)  with 
the  Texas  A.  and  M.  Research  Foundation.  Mr.  J.  Frank 
Slowey  and  Mrs.  Mary  Williams  were  project  chemists 
and  were  responsible  for  ail  fatty  acid  analyses.  Dr. 
Raymond  Reiser  and  Dr.  Donald  Hood,  both  of  Texas 
A.  and  M.  University,  offered  technical  advice.  Dr. 
W.  B.  Wilson,  Research  Associate,  Florida  State  Uni¬ 
versity  Oceanographic  Institute,  assisted  by  Mr.  Wayne 
Cotter,  provided  the  mass  cultures  of  the  organisms  used 
in  this  work. 
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Scientists  concerned  with  the  measurement  of  pri¬ 
mary  production  and  with  algal  physiology  have  re¬ 
cently  become  increasingly  aware  of  the  importance 
of  gaining  more  knowledge  about  the  quantity  and 
quality,  of  algal  excretion  products.  Antia  et  al. 
(1963)  showed  indirectly  that  phytoplankton  growing 
in  a  large  plastic  sphere  excreted  as  much  as  35-40 
percent  of  the  photoassimilated  carbon.  Other  in¬ 
direct  estimates  of  excretion,  however,  have  varied 
from  negligible  amounts  to  as  much  as  80  percent  of 
the  assimilated  carbon  ( Gaarder  and  Gran,  1927 ;  Gill- 
briclit,  1952:  Marshall  and  Qrr,  1930).  Some  of 
these  estimates  were  rather  crude,  and  did  not  give 
any  information  about  the  composition  of  the  ex¬ 
creted  substances.  A  few  studies  on  specific  kinds 
of  materials  excreted  by  marine  phytoplankton  in  cul¬ 
ture  have  recently  been  published;  for  instance,  carbo¬ 
hydrates  by  several  marine  flagellates  (Guillard  and 
Wangersky,  1958),  an  organic  base  by  a  marine 
dinoflagelhte  (Wangersky  and  Guillard,  1960),  and 
amino  acids  and  peptides  by  blue-green  algae  (Stew¬ 
art.  1963). 

This  paper  concerns  the  quantity  and  composition 
of  substances  excreted  by  cultured  and  natural  phyto¬ 
plankton  populations.  The  details  of  these  studies  have 
been  published  elsewhere  (  Hellebust,  1965).  The  cul¬ 
tured  bacteria-free  algae  were  kindly  supplied  by  Dr. 
R.  R.  L.  Guillard  of  the  Woods  Hole  Oceanographic 
Institution.  The  natural  marine  phytoplankton  sam¬ 
ples  were  from  Vineyard  Sound,  Massachusetts,  and 
from  the  Gulf  of  Maine  (Atlantis  II,  Cruise  II,  April 
8-18,  1963).  Practically  all  the  work  with  cultures  of 
single  species  was  done  when  the  algae  were  in  log- 
phase  growth,  in  order  to  make  the  results  strictly 
comparable. 

The  excreted  organic  carbon  was  measured  by  tak¬ 
ing  portions  of  membrane- filtered  media  from  algal 
cultures  which  had  been  allowed  to  photuassimiiate 
Cu03  for  a  given  period  of  time.  The  remaining  in¬ 
organic  CuOa  was  removed  from  the  filtered  por¬ 
tions.  which  were  then  plated,  dried,  and  counted  for 
CH  activities.  All  the  counts  were  corrected  for  self- 
absnrption,  which  was  due  almost  entirely  to  the  salt, 
for  Kickground.  and  for  variation  in  counting  effi¬ 
ciency.  Since  only  0.1  ml  portion*  of  the  cultures 
were  filtered  in  order  to  determine  the  assimilation  of 
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C14  by  the  algae,  no  self-absorption  correction  was 
made  for  counts  obtained  in  this  way.  The  specific 
activity  of  the  bicarbonate  in  the  algal  media,  which 
was  kept  in  tightly  glass-stoppered  bottles,  was  the 
same  throughout  any  one  experiment  The  radioac¬ 
tivity  counts  of  the  filtered  phytoplankton  is,  there¬ 
fore,  strictly  proportional  to  the  absolute  amount  of 
bicarbonate  assimilated.  The  composition  of  the  ex¬ 
creted  material  was  studied  by  direct  ch romatography 
of  the  filtered  medium  with  known  substances;  by 
solvent  extraction  and  coprecipitation  with  albumin; 
and  by  removing  the  salts  by  electrodialysis  followed 
by  cochromatography  with  known  substances  or  by 
removing  them  by  acid  hydrolysis  followed  by  cochro¬ 
matography  and  autoradiography.  Details  of  the  ex¬ 
perimental  procedure  have  been  published  elsewhere 
(Hellebust,  1965). 

The  amount  of  organic  material  excreted  by  the 
algae  was  expressed  as  a  percentage  of  the  photo- 
assimilated  carbon.  The  latter  quantity  was  consid¬ 
ered  to  be  equal  to  the  Cu  taken  up  by  the  algae 
plus  the  organic  C14  excreted.  The  photoassimilated 
carbon  respired  during  the  experiment  was  neglected. 
(This  will  be  discussed  later.) 

RESULTS  AND  DISCUSSION 

The  effect  of  light  intensity  on  excretion  by  repre¬ 
sentatives  of  the  five  major  classes  of  marine  phyto¬ 
plankton  was  studied  by  growing  the  algae  under  300 
and  1.0U0  ft-c.  It  is  evident  that  while  many  of  the 
species  show  only  small  differences  in  the  relative 
amounts  of  photoassimilated  carbon  excreted  at  the 
two  light  intensities,  some  of  the  algae  (e.g.,  Cocco- 
lithus  huxleyi,  (iymnodiuinm  nrlscmi,  Chaetcceros 
prlagicus,  and  Skelelvucma  cost  at  um )  excreted  con¬ 
siderably  more  at  the  lower  than  at  the  higher  light 
intensity  (Table  I).  In  a  separate  experiment  in 
which  the  phytoplankton  were  exposed  to  full  sunlight 
( 10,000-12.000  ft-c).  very  high  excretion  rates  re¬ 
sulted  (8.5-52  percent  of  the  photoassimilated  car¬ 
bon),  prohably  due  to  photo-oxidative  damage  to  the 
cells  ( Hellebust.  1965). 

There  were  considerable  variations  in  the  relative 
magnitudes  of  organic  carbon  excreted  even  among 
species  belonging  to  the  same  class  of  algae  (Table 
1).  It  should  be  noted  that  two  diatoms.  Ckaetoceros 
prlagicus  and  Chacloceros  simplex,  consistently  ex¬ 
creted  very  large  fractions  (17-25  percent)  of  their 
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,Tf.Wc  *;  Ejtcretiun  of  photoassimilated  carbon  by  algae  at  high  and  low  light  intensities  during  two  days 
of  alternate  12-hour  light  and  dark  periods. 

1000  f»-c  300  ft-c 
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photoassimilated  carbon  during  log-phase  growth 
(Hellebust,  1965).  It  is  possible  that  under  ideal 
growth  conditions,  nutritional  and  otherwise,  these 
algae  would  excrete  a  smaller  proportion  of  their 
photoassimilated  carbon 

It  was  mentioned  earlier  that  the  amount  of  ex¬ 
creted  carbon  was  calculated  as  a  percentage  of  C '  * 
taken  up  by  the  cells  (net  photosynthesis)  plus  the 
^  '*  excreted,  not  taking  i.ilo  account  the  respiratory 
loss  of  photoassimilated  carbon  during  the  experi¬ 
mental  period.  It  is  possible  that  the  organic  carbon 
excreted  by  healthy  cells  represents  a  relatively  fixed 
proportion  of  the  total  photoassimilated  carbon  rather 
than  the  net  photoassimilated  carbon  for  each  indi¬ 
vidual  species.  This  would  explain,  at  least  in  [art. 
why  higher  excretion  values  may  be  obtained  at  low 
light  intensities  than  at  intensities  approaching  light 
saturation  (  Fogg.  19>K,  1  'k Ja  ) 

Following  the  discovery  of  glycolic  acid  excretion 
by  Chloretla  pyrnwnd»M  (Tolbert  and  Zill.  1957),  a 
rreat  ileal  of  attention  has  been  paid  to  the  possible 
excretion  of  this  substance  by  other  algae.  Xalewajko 
ct  at.  (  1963)  ilemtaist  rated  that  a  planktonic  fresh 
water  isolate  of  '.  Morelia  fyremardota  excreted  con 
stderahle  amount*  of  glycolic  acid  Fogg  <l9hjhi 
proposed  that  this  acid  may  he  excreted  by  both  fresh¬ 
water  and  marine  phytoplankton  during  photosynthe¬ 
sis.  and  may  represent  a  reservoir  which  can  be  used 
tor  heteroirnphir  growth  by  algae  and  other  micro¬ 
organisms 

fable  I  shows  the  results  of  chromatographic  sepa¬ 


ration  and  quantitative  determination  of  glycolic  acid 
in  marine  algal  culture  filtrates.  Although  small 
amounts  or  traces  of  glycolic  acid  were  detected  in 
all  the  algal  media,  only  a  few  algae  excreted  this 
organic  acid  in  consiiicrable  quantities.  Skeletomema 
roslatum  excretes)  the  largest  fraction,  about  35  per¬ 
cent  of  the  total  excretion,  while  Ckaetectros  pelagi- 
cas  and  Oliitkodiscns  sp.  excreted  9-15  percent.  A 
marine  l  hlorococemm  sp ,  not  included  in  this  table, 
produced  about  12  percent  of  its  excreted  material  as 
glycolic  acid. 

Tlie  effect  of  light  intensity  on  glycolic  acid  excre¬ 
tion  was  investigated,  using  cultures  of  Skrleloaeima 
cost  alum  adapted  to  high  and  low  intensities  ( Fig  1  ). 
The  relative  amounts  excreted  increased  strikingly 
with  decreasing  light  intensity  below  about  1.500  ft-c 
Only  0.2-413  percent  of  the  photoassimilated  carbon 
was  exrrctrsl  as  glycolic  acid  at  6.500  ft-c.  but  al  100 
ft-c  the  excreted  glycolic  acid  accounted  few  about  6 
percent  of  the  photoassimilated  carbon.  Very  little 
glycolic  acid  ( less  than  one  percent  in  a  medium  eon 
taming  3  mg  ghnjic  acid  per  liter)  was  taken  up 
during  12  hours  in  the  dark  by  a  relatively  dense 
culture  of  Skeiftouema.  This  finding  dors  not  agree 
with  the  suggestion  that  glycolic  acid  is  raptdlv  ex 
c fried  and  rc-ahsnrhrd  bv  the  algal  cells  (F<« 

1963b) 

Negligible  "usntitie*  of  protein  were  excreted  bv 
the  algae  listed  in  Table  I.  except  foe  OIikWiau 
sp.  in  which  abfwt  5  percent  of  the  total  excreted 
material  was  protein,  ft  may.  therefore,  be  general 
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Fig.  1.  I’hotosyiitliesit  and  excretion  of  glycolic  acid 
by  Sti  tthmrma  cnstatum  at  various  light  intensities. 

ucd  that  healthy,  rapidly  growing  marine  phytoj.la.ik- 
ton  excrete  little  or  *io  protein  In  the  cat  ot  sta¬ 
tionary-phase  cultures  oi  Skdctoncma  costal  inn  and 
Olislhoducm  sp„  however,  when  some  of  the  cells 
were  obviously  in  jxxir  condition,  relatively  large 
amounts  of  protein  t  almost  10  jiercent  of  the  photo- 
assimilated  carbon  i  appeared  in  the  medium.  Chloro¬ 
form-soluble  coni|xmnds  i  lipid  column  in  Table  11 
constituted  4.2-10.3  percent  of  the  excreted  material. 
These  comja— nils  probably  consist  partly  of  various 
glycerol  derivatives,  because  this  compound  appeared 
in  the  hydrolyzed  neutial  fraction  of  the  excreted 
material  of  many  of  th  algae. 

More  detailed  information  about  some  of  the  con¬ 
stituents  of  the  neutral  fractions  of  the  excreted  ma¬ 
terial  appears  in  Table  2  The  most  frequently  yrcur- 


ring  substances  were  amino  acids,  sugar  alcohols,  and 
peptides  (detected  as  amino  acids  appearing  after 
hydrolysis  of  the  neutral  fraction  ).  Some  of  the  algae 
excreted  mainly  a  single  substance.  Cricosfikatra 
( Syracosphaera )  cart  eras,  hockrysu  galbana,  and 
Mottochrysis  lulkcri  (Table  2,  and  llellebust,  1965) 
excreted  mainly  the  unknown  U|.  It  may  he  noted 
that  tins  particular  unknown  substance  was  excreted 
only  by  the  Chrysophyceae  and  the  Dinophyceae,  and 
not  by  the  otlier  classes  of  algae  Olulkodisnu  sp. 
excreted  almost  exclusively  mannitol,  and  DuaieUa 
tcrtiolccta  mainly  glycerol.  The  marine  C  Morelia  sp. 
excreted  mainly  proline.  The  two  clones  of  CydoteUa 
mjim,  which  were  isolated  from  very  different  envi¬ 
ronments  (  13-1  from  the  Sargasso  Sea.  and  JH  from 
an  estuary  i,  showed  distinct  differences  in  the  kinds 
of  compounds  they  excreted.  These  findings  agree 
well  with  other  physiological  differences  observed  by 
(iuillard  and  Ryther  ( 1962). 

Free  sugars  were  found  in  the  media  of  only  a  few 
algae  (Table  2).  Furthermore,  following  acid  hy¬ 
drolysis  of  the  excreted  material,  identifiable  sugars 
appeared  in  small  amounts  only  in  the  case  of  three 
of  the  algae  investigated,  indicating  that  few  or  no 
polysaccharides  were  excreted  by  these  algae  during 
logarithmic  growth.  Si.«ce  relatively  drastic  condi¬ 
tions  were  used  for  the  hydrolysis  of  the  excreted  sub¬ 
stances  (4N  HO  at  100*  C.  for  6  hr),  however,  pen¬ 
toses  and  ketoses  would  probably  be  largely  destroyed 
Therefore,  polysaccharides  consisting  mainly  of  such 
sugar  residues  would  not  be  detected  in  tl  .  hydroly¬ 
sate.  On  the  other  hand,  (iuillard  and  Wangrrskv 
i  1958)  found  little  polysaccharide  excretion  by  ma¬ 
rine  flagellates  vs  long  as  the  cells  remained  in  kig- 


Tahle  2  Organic  eoni’axinvls  excreted  by  algae  during  log-phase  growth. 
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Table  3.  Exertion  by  phytoplankton  samples  taken  from  the  surface  water  of  Vineyard  Sound  during  the 
late  winter  and  s,  ing  of  1963. 


Carbon  ex¬ 
creted  of  total 


S*mpl*ng 

Water 

Sample 

Incubation 

assimilated 

tine 

temp  *C. 

composition 

conditions 

% 

Feb.  17 

-12 

Mainly  Tkalasnostra  and  Chotloeerot  spp. 

4#  hr  at  5*C"„  500  ft-c 

67 

Apr  29 

82 

Mainly  LefU’cyluutmi  danumi 

3  hr  in  /if a. 

8.000  11,000  ft-c 

81 

May  6 

10 

Mainly  Ltftixylmdnu  dunum,  many  empty 

6  hr  in  iifv  <7am-I  hvi). 

frustules  present 

10,000  ft-c  at  m«m 

22 

ditto 

ditto  1  1  i'VI-7  CM  ) 

38 

May  15 

12 

Mainly  mall  flagellates  ami  dmoflagellatrs 

0  hr  in  ulu,  (6  asi-J  rvi  1. 

3.U00  ft-c  at  nom  12 


phase  growth.  This  agrees  with  the  present  data 
which  show  little  or  no  polysaccharide  production  by 
log-phase  cultures  of  marine  phytoplankton. 

The  identification  of  excreted  substances  was  based 
on  cochromatography  w  ith  conquiunds  that  commonly 
occur  in  plant  cells,  such  as  sugars,  sugai  derivatives, 
organic  acids,  ami  am.no  acids.  Compounds  rxcreted 
by  marine  algae  would  presumably  lie  identical  with 
commonly  occurring  metabolites  m  these  org-msms. 
However,  so  little  is  known  about  the  nature  of 
metabolites  in  marine  algae  that  the  numlxr  of  rx¬ 
creted  metabolites  that  could  he  identified  by  the 
above  procedure  was  quite  limited.  In  order  to  ob¬ 
tain  more  information  about  the  identity  of  algal 
metabolites  of  low  molecular  weight,  alcohol- soluble 
compounds  were  extracted  front  several  s|»ecies.  and 
some  of  the  extracted  substances  were  tentatively 
ident>f.ed  by  [  a|er  chromatography  and  by  using 
various  specific  spray  reagents  i  HrllrUist.  19(5  h 
Relatively  large  amounts  of  glycerol  and  mannitol 
were  fouml  in  several  chry sophy tr  ami  diatom  spe¬ 
cies.  and  large  quantities  of  prolme  were  tletrctrd  in 
a  marine  (  /Ui.vW/u  sp  Only  siu.il!  amounts  of  free 
sugars  were  detected  f  Bidw  !l  ,-t  J  ,  I*>52  i  M.anv 
<>t  tlie  mint  rad uurt or.  airohol  tnruMe  substances  ap¬ 


pearing  in  several  diatoms,  chrysophytrs.  and  ditin- 
fiagellatcs  alter  photos) ntliesis  in  were  not 

identified.  Iiut  were  found  by  cochromatography  to  lie 
identical  to  excreted  compounds  of  the  same  algae. 

Ouantitativr  estimates  of  the  excretion  of  organic 
conqxxinds  by  natural  phytoplankton  populations  were 
made  on  samples  of  water  from  \'ineyard  S<nmd  ami 
the  I  ivi 1 1  of  Mair.e  during  the  late  winter  and  spring 
of  1  ‘Net  Three  of  the  samples  studied  from  Vineyard 
Sound  i  TaWe  3,  Feb  17,  Apr.  29,  and  May  151  con¬ 
sisted  of  healthy,  rapidly  photosynthesiring  algae. 
These  phytoplankton  samples  excreted  small  amounts 
of  organic  subslancrs  lb"  and  8.1  jiertent  ol  the 
pholoasstimlatrtl  carhon  lor  the  two  diatom  ;x>[>ula 
tions  and  12  jiercent  lor  the  population  consisting 
mainly  of  flagellates).  However,  the  sample  of  l.tfh >- 
tyliiuinu  JaMnus  investigated  on  May  5  at  the  end 
of  a  bloom  and  containing  about  20  jiercmt  of  mipty 
frus>  *lrs  cxcrctrv!  22-38  jierccnt  of  its  photoassimi- 
latcsl  carbon 

The  phytoplankton  populations  studied  in  the  <iu!t 
of  Maine  all  consisted  of  ap|varenfly  healthy  and 
rapidly  growing  algae  with  1  'istties  approaching  two 
nuiiion  cells  (>er  liter,  indicating  bloom  conditions 
From  4  5  to  I b  jiercenl  of  the  photoassimdalrd  car- 


l  aWe  4  F xe return  phy  toplankMn  samples  irom  tlie  liulf  of  Maine  during  a  pb;  toolanktim  Mount  m 

April.  1963. 


Carbon  rv 
rreted  td  total 


Sampling 

Water 

Vintjalc  *>.*««:*  ami 

incubatttnv 

ainmuj 

-S: 

lurnr 

«r«ir-  *(’ 

r’FWhtmm 

t'i  I 

a 

\gr  10 

1  4 

!  ifcsfjr  /fcciiaffvjiri  C  k+rt#***#.?  »ff.. 

T  hr  illia  4rv). 

5*C 

16 

tufiarr  w*trf 

»>  ’.W'lls 

h  i  fi  < 

82 

IfV 

1  » 

7  hr  iii  v  u  *i.-«: 

5-1 

56  R 

si  2.5W1  It  < 

*5 

•Air? 

'* 

hi  *»(t< 

45 

Apr  U3 

1  ( 

Vatnly  (Wf  /  *2*1  T A*:«?ir»s' ft**  _ 

3  hr  i  2  rv  a  rv 

ft 

10  m 

2  W  0  < 

»« 

!2  hr  <6  sw  A  rv  >. 

?*C 

- 

3  ««>  If  « 

12  5 

i.  -A 

l 

\nr  1 J 

30 

Matter  *»vf  7 k+l+iwfw*  V4* . 

24  hr  i  12  \j-r 

13 

' 

5 

wmt  mn*r  present.  »4*rt 

12  i>*«  \pr  14  i.  5 

•c 

V  ' 

* 

2.  W  i,  «• 
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Table  5.  Loss  of  radioactivity  from  CM-labeled 
Thaiassiosira  flufialilit  after  tiansfer  to  non-radio- 
activc  medium. 


Cell 

C*  in 

Organic - 
C*  in 

num¬ 

cells 

me*lium 

Organic - 

Total 

ber 

count' 

count 

C* 

C“  lost 

Time 

xio*/ 

min. 

mm. 

excreted 

by  cells 

days 

ml 

xio- 

xio* 

(%: 

ir*) 

0 

1.2 

560*0.8 

_ 

_ 

. 

2 

6.1 

53.1  *0.8 

10*02 

19*04 

5.4*14 

3 

66 

512*0.8 

1.4*02 

2.7*C4 

86*14 

Ikmi  was  excreted  by  these  phytoplankton  imputations 
i  Table  4,.  It  ap|icars  from  these  studies  that  alxait 
10  |HTcrnt  of  the  photoassimdated  carbon  of  natural 
imputations  of  healthy,  growing  phytoplankton  from 
Vineyard  Sound  and  the  Gulf  of  Maine  is  generally 
excreted.  Considerably  higher  levels  of  excretion  may 
!>c  expected  at  tlie  end  of  a  phytoplankton  bloom  if 
the  algae  remain  in  a  stationary  growth  phase,  or 
disintegrate  by  autolysis  and  hacterial  degradation 
instead  of  living  removed  through  grazing  by  zo- 
oilanklon. 

Duly  one  attempt  was  made  So  identify  the  com¬ 
pounds  excrete*!  by  tlie  natural  phytoplankton,  because 
they  occurred  in  such  low  ctmcetm_at  mm  as  to  make 
isolation  extremely  difficult.  Direct  chromatography 
of  excreted  cooijioumls  by  a  very  dense  population 
consisting  mainly  of  leflocyUHtlnu  danicis  ("raNe 
3)  rescaled  tire  presence  of  small  amounts  of  glycolic 
acid. 

The  cultured  and  natural  phy toplankton  imputations 
were  allowed  to  photoassinnlate  Cu<>,  for  varying 
lengths  of  tunc  lie'ore  excretion  estimates  were  made. 
Therefore,  it  was  important  to  establish  it  the  ex- 
cre'ed  material  consisted  mainly  of  newlv  assimilated 
carlxs  or  if  relatively  uMer  cellular  constituents  also 
contrilKitrtl  to  the  excreted  material.  If  only  recently 
assimilated  carbon  is  excreted,  duration  of  tlie  ex|>eri- 
metit  sluxild  not  mthienee  the  magnitude  of  excretion 
expressed  as  a  jiercentagr  of  tlie  pit  tloassundated  ear- 
hnu.  In  onler  to  determine  wlietlier  relatively  c4d 
cellular  constituents  are  excreted  to  a  significant  ex¬ 
tent.  uniformly  lal*elei|  / haljuissir-i  (fur  kj/j.'u  tan 
cstu.rme  diatom  sjiecies  i  was  transferred  to  a  me¬ 
dium  eixitainiiig  no  !  he  t  14  actixitv  of  the 

t-IU  ami  medium  were  iletermmed  after  two  and 
three  day*  in  tlie  light  I  HOD  ft-cl.  It  can  he  seen 
irorti  Table  5  that  only  I4*  perenit  of  the  3Cti*ity  in 
tlw:  cel’s  appeared  in  tlse  medium  As  organic  carlmn 
after  two  *lan  in  the  light,  during  which  time  the 
algal  |<ofiulat!on  had  increased  almost  five  times 
Since  tire  rxcrctiun  of  this  sjeeies  n  known  to  be 
al»mt  5  pcrretit  under  similar  cr*sdit«ms  i  llrilehusl. 
I'KiG,  ;|  is  rs  utrsit  that  -e.ls  a  sees  small  amount  of 
ihe  organic  cartum  present  m  the  cells  hrfore  the 
Ir  'ster  c>mM  hale  eontrd>uteit  to  the  t*4al  ansewmt  of 
organic  compounds  excrete*1  dti.ing  tins  period  This 
agrees  well  with  Father's  observation  that  Cu  laheled 
/•■■xk'i.  i/j  n».  b*st  almost  no  actiaits  during  -4 


hours  in  light  after  transfer  to  a  non-radioactive  me¬ 
dium  ( Ryther,  1956). 

Significant  amounts  of  organic  matter  may  be  ex¬ 
creted  by  non-grosving  natural  phytoplankton  popu¬ 
lations  (Table  3),  or  by  cultures  in  the  stationary 
phase  (Guillard  and  VVangersky,  1958).  The  studies 
described  in  this  report  have  dealt  only  with  logarith¬ 
mically  growing  algal  cultures.  To  supplement  these 
observations,  the  excretion  of  organically  bound  car¬ 
bon  by  Tkalautottra  fiuviatUis  was  followed  through 
the  log  phase  of  culture  into  the  stationary  phase 
brought  about  by  nutrient  deficiency.  Cells  were 
transferred  at  time  zero  (Fig.  2)  from  a  log-phase 
culture  with  excess  nutrients  to  a  medium  containing 
no  phosphorus  and  nitrogen.  The  amount  of  excretion 
as  a  |>ercentage  of  the  photoassimilatrd  carbon  re¬ 
mained  at  about  5  |>ercent  while  the  cells  were  still 
dividing,  then  rapidly  increased  to  over  20  percent  as 
the  culture  went  into  stationary  phase  growth.  How¬ 
ever,  tlie  absolute  amount  excreted  per  unit  time  (the 
dope  of  the  curve  marked  "C14  in  medium”  in  Fig.  2) 
di<l  not  increase  significantly,  because  of  the  sharp 
fall  in  rate  of  photosynthesis.  It  may  therefore  be 
concluded  that,  although  a  stationary  population  of 
phytoplankton  will  excrete  a  large  proportion  of  its 
photoassimilated  carbon,  the  absolute  rate  of  excre¬ 
tion  by  such  a  population  may  not  be  any  higher  than 
that  of  a  rapidly  growing  population  with  a  smaller 
relative  excretion  rate. 

.'an  estimate  of  the  annual  contribution  of  dissolved 
carbon  by  the  excretion  of  healthy  phytoplankton  may 
lie  made  by  nuking  certain  assumptions :  ( 1 )  the 
depth  of  tlie  uniformly  mixed  surface  layer  is  100  m. 
i  2)  the  annual  primary  productivity  Is  100  g  carbon 
m*.  and  ( 3 1  the  excretion  of  organic  carbon  is  10 
perceni  of  the  primary  productivity  value.  Then  the 
annual  contribution  of  excreted  substances  to  the 
reservoir  of  dissolved  organic  compounds  of  this 
water  mass  would  lw  0.1  mg  carbon  I,  which  is  ap¬ 
proximately  one -tenth  of  the  dissolved  c  rhon  in  the 
**;*er,  ocean  t  lh:ur>ma,  1963:  Mcnzei.  lWs4>.  If  the 
depth  of  tlie  mixed  surface  layer  is  less  and  the  ex¬ 
cretion  rate  higher  than  that  assumed  above,  the 
annual  ominhulion  II.  of  course,  he  correspond- 
ir,!y  higher.  Str.ce  me  concentration  of  dissolved 
organic  carh*m  dors  not  change  on  a  yearly  be  sis 
•  Duursma.  i '*0  1  the  same  amount  of  dissolved  or¬ 
ganic  carbon  will  have  to  be  con'*-rted  to  ti  e  rnor- 
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ganic  phase  (per  year)  by  chemical  or  bacterial 
processes,  and  possibly  also  by  algal  respiration  within 
the  upper  mixed  layer  in  which  the  substances  are 
produced  (Menzel.  1964). 

Another  source  of  dissolved  organic  substances  in 
the  sea  is  the  loss  of  soluble  substances  from  algae 
when  they  are  being  grazed  by  zooplankton.  An  ex¬ 
periment  with  Calanus  hyperborcus,  feeding  on  CH- 
labeled  Thalassiosira  fluviatilis,  showed  that  about  15 
percent  of  the  carbon  of  the  grazed  algae  appeared 
in  the  medium  as  dissolved  substances  after  24  hr. 
If  most  of  the  marine  phytoplankton  is  grazed  by 
zooplankton  rather  than  dying  a  natural  „eath  (Har¬ 
vey  el  al.,  1935:  Clarke,  1939;  Menzel  and  Ryther, 
1961),  the  total  amount  of  dissolved  organic  sub¬ 
stances  resulting  ( 1 )  from  excretion  by  healthy 
phytoplankton  (about  10  percent  of  the  primary  pro¬ 
ductivity),  and  (2)  from  grazing  bv  zooplankton 
(about  15  percent  of  the  primary  productivity),  will 
equal  about  25  percent  of  the  primary  production  of 
organic  carbon.  If  these  estimates  are  correct,  the 
peak  of  dissolve'!  carbon  resulting  from  excretion 
and  from  grazing  of  a  phytoplankton  bloom  ought  to 
occur  later  than  that  of  the  standing  stock  of  phyto¬ 
plankton.  This  was  found  by  Duursma  ( 1961 )  to  be 
the  case  in  the  North  Sea.  Duursma.  however,  con¬ 
tended  that  the  time  lag  indicated  that  most  of  the 
dissolved  carbon  resulted  from  the  decay  of  algae 
after  the  peak  of  the  phytoplankton  bloom.  His  ex¬ 
planation  would  be  correct  only  if  (1)  little  primary 
productivity  took  place  iietween  the  peak  of  the  phyto¬ 
plankton  bloom  and  the  peak  of  the  dissolved  organic 
carbon,  and  (2’'  the  phytoplankton  bloom  was  not 
chiefly  controlled  by  grazing.  This  cannot  be  verified 
because  Duursma  did  not  supply  data  on  primary 
productivity  or  on  grazing  rates  or  standing  zooplank¬ 
ton  stocks.  Harvey  ct  al.  (1935),  Clarke  ( 1939).  and 
others  claim  that  the  standing  stock  of  phytoplankton 
in  the  open  ocean  is  regulated  mainly  through  graz¬ 
ing  by  zooplankton,  and  therefore  only  a  small  pro¬ 
portion  of  the  phytoplankton  will  remain  long  in  a 
stationary  phase,  or  will  die  a  natural  death. 

A  different  situation  occurs  in  estuaries  which  are 
relatively  fertile  and  support  a  large  standing  stock 
of  phytoplankton  not  appreciably  controlled  by  zo¬ 
oplankton  grazing,  for  example,  in  Great  South  Bay 
and  Moriches  Bay  (Ryther,  1954;  Rytlic  ft  al.. 
1958).  In  such  places  the  relative  amounts  of  dis¬ 
solved  organic  carbon,  contributed  bv  the  excretion 
of  healthy  algae  and  by  degradation  of  algae,  may  be 
quite  different  from  those  in  the  open  ocean. 

Author's  Note :  This  pa(>er  is  Contribution  No.  1479 
from  the  Woods  Hole  Oceanographic  Institution.  It  was 
supiwrted  in  part  by  a  Ford  Foundation  postdoctorate 
fellowship  and  Contract  No.  AT(30  -  I)  1918  with  the 
U.  S.  Atomic  Energy  Commision. 
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Marine  invertebrates,  like  any  other  heterotrophs. 
depend  on  reduced  carbon  compounds  as  an  energy 
source.  Such  compounds  derive  from  photosynthesis, 
with  a  few  exceptions.  The  usual  picture  of  the 
trophic  structure  of  marine  communities  is  derived 
from  analyses  of  terrestrial  ecosystems  where  herbi¬ 
vores  are  nourished  by  the  primary  producers  and. 
in  turn,  provide  sustenance  for  a  complex  pyramid 
or  web  of  carnivores.  This  is  somewhat  complicated 
by  saprotrophs  and  omnivores,  hut  the  basic  structure 
remains  pyramidal. 

In  this  conceptual  scheme  a  great  deal  of  organic 
material,  beyond  that  represented  by  the  biomass  of 
the  various  trophic  levels  of  the  community,  is  pres¬ 
ent  in  the  environment.  In  an  inshore  marine  com¬ 
munity,  this  material  would  include  particulate  detri¬ 
tus,  material  of  colloidal  dimensions,  and  organic 
material  in  solution  in  sea  water.  The  question  is 
whether  this  organic  material  requires  us  to  modify 
our  concept  of  the  trophic  structure  of  marine  and 
estuarine  communities.  This  paper  summarizes  some 
recent  evidence  concerning  a  possible  nutritive  role 
of  organic  material  in  true  solution. 

The  idea  that  dissolved  organic  material  tnav  con¬ 
tribute  to  the  nutrition  of  aquatic  animals  is  not  new’. 
The  hypothesis  is  usually  associated  with  Putter 
(1909),  and  it  received  a  great  deal  of  attention  in 
the  first  three  decades  of  this  century,  but  Krogh 
(19.11)  concluded  that  there  was  no  substantial  evi¬ 
dence  for  Putter's  idea. 

Collier  et  al.  (1953),  however,  reported  the  pres¬ 
ence  of  an  unidentified  carbohydrate  material  in  high 
concentrations  which  was  removed  from  sea  water  by 
oysters.  The  extremely  high  concentrations  reported 
(about  100  mg/1 ).  apparently  represented  a  local  situ¬ 
ation,  since  other  investigators  (  Lewis  and  Rakestraw, 
1955)  have  l»een  unable  to  find  carbohydrate  in  com¬ 
parable  amounts.  Collier’s  work,  which  apparently 
has  not  been  extended  and  pursued,  stands  as  the  iso¬ 
lated  demonstration  of  the  removal  of  a  naturally 
occurring  organic  material  from  solution  by  a  meta¬ 
zoan. 

Fox  and  his  co-workers  (1952,  1953)  sin  gested 
that  leptopel  is  a  potential  source  of  organic  material 
for  filter- feeding  organisms.  Leptopel  consists  of  mi¬ 
celles  of  organic  material  adsorbed  on  inorganic  par¬ 
ticles  of  colloidal  dimensions.  These  authors  presented 
evidence  that  much  of  the  “dissolved”  organic  ma¬ 
ted  !  was  actually  present  in  this  form  and  suggested 


that  this  might  l>e  available  to  filter-feeding  animals 
as  a  nutritive  supplement. 

Cheesman  (1956)  reported  on  the  ability  of  snails 
to  feed  on  material  denatured  at  the  air-water  inter¬ 
face,  using  their  foot  as  a  “Langmuir  funnel”.  More 
recently,  Baylor  and  Sutcliffe  (1963)  raised  Artemia 
on  particulate  organic  material  produced  by  bubbling 
air  through  filtered  sea  water,  and  Riley  (1963)  re¬ 
ported  flakes  of  particulate  material  which  may  be 
derived  in  a  fashion  comparable  to  a  natural  con¬ 
stituent  of  the  waters  of  Long  Island  Sound. 

It  may  he  noted  that  these  studies,  with  the  possible 
exception  of  the  work  of  Collier  et  al.,  deal  with  path¬ 
ways  for  using  organic  material  after  it  has  been  con¬ 
centrated  by  adsorption  or  some  other  physical  process 
in  the  environment.  Clearly,  these  pathways  may  con¬ 
tribute  in  a  quantitative  way  to  the  normal  nutrition 
of  some  aquatic  animals,  although  whether  they  do 
remains  to  be  established.  Can  aquatic  animals  re¬ 
move  organic  material  directly  from  solution?  This 
paper  attempts  to  explore  this  question. 

UPTAKE  OF  ORGANIC  MATERIAL 
FROM  SOLUTION 

Several  points  in  the  possibly  significant  nutritional 
role  of  organic  material  obtained  from  true  solution 
should  be  established.  Dissolved  organic  carbon  in 
sea  water  typically  does  not  exceed  a  few  milligrams 
per  liter  (Hood.  1963).  It  is  clear,  therefore,  that  a 
prior  condition  for  a  serious  discussion  of  the  direct 
nutritive  role  of  this  material  is  the  demonstration 
of  a  physiological  mechanism  for  supplying  signifi¬ 
cant  amounts  of  at  least  some  organic  compounds  to 
the  animal  from  extremely  dilute  solutions. 

Stephens  and  Schinske  ( 1961 )  presented  qualita¬ 
tive  evidence  of  the  ability  to  remove  amino  acids 
from  solution  among  marine  invertebrates.  Of  35 
genera  in  1 1  phyla  which  were  examined,  only  six 
arthropods  failed  to  remove  amino  acids  supplied  in 
dilute  solution.  However,  much  of  this  work  was  at 
concentrations  of  1  to  2  niMd,  or  about  two  orders 
of  magnitude  higher  than  any  likely  natural  concen¬ 
tration.  However,  it  was  demonstrated  that  at  least 
some  of  these  organisms  could  remove  glycine  at  con¬ 
centrations  of  2  X  10-s  m/1 — a  much  more  reason¬ 
able  figure.  Later,  a  series  of  papers  appeared  (Ste¬ 
phens,  1960,  1962,  1963,  1964;  Virkar,  1963)  in  which 
C14-Ial>eled  compounds  were  used  in  studying  the 
ability  of  marine  and  estuarine  forms  to  take  up 
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Table  1.  Some  species  studied  using  C14  to  show  the  ability  of  marine  and  estuarine  forms  to  take  up  several 
small  organic  compounds. 


Organism  and 
compound 

V.„  (moles/g/hr) 

K„  (noles/l) 

Q«a  (ml/g/hr) 

Amount  of  compound 
equivalent  to  Q°i 
(molcs/g/hr) 

Fungia 

glucose 

Clymenella 

glycine 

phenylalanine 

lysine 

valine 

2  X  10-' 

1  x  10- 

3.7  X  10- 
3.6  X  10- 
4.4  X  10- 

1  X  10* 

2  X  10- 
S  X  10- 
1.2  X  10- 
2.7  X  10  * 

0.005 

0.01 

0.090 

3.3  X  10- 

6.7  X  10- 

1  2  X  10- 
5.5  X  10- 
6.0  X  10- 

7.7  X  10- 

Nereis  succinea 
glycine 

1.6  X  10- 

1.1  X  io- 

(0.026)* 

3.5  X  10- 

Nereis  limnicola 
glycine 

1.3  X  10- 

3.7  X  10- 

Golf.ngia 

glycine 

1.0  x  10  ’ 

1.0  x  io- 

•  Value  for  N.  went  from  Boiworth  et  at.  { 1 9J6) . 


several  small  organic  compounds.  Table  1  lists  some 
species  for  which  published  information  is  available. 
In  addition,  several  other  genera  have  provided  ma¬ 
terial  for  casual  examination  and  detailed  study  in 
our  laboratory.  A  partial  list  includes  the  lamelli- 
branchs,  Mcrcenaria  (=P’enus)  mcncmria,  Mytilus 
cdulis,  and  Solemya  velum;  the  echinoderms,  Asterias 
{orbcsi,  Thyrone  briarcus,  and  Leptosynapta  inhae- 
rens;  and  several  annelid  and  cnidarian  genera.  A 
similar  extension  of  the  list  of  compounds  used  is 
justified,  since  most  forms  examined  were  tested  with 
glucose  and  several  amino  acids.  It  is  fair  to  state 
that  any  soft-bodied  marine  invertebrate  examined, 
regardless  of  its  apparent  primary  mode  of  feeding, 
has  exhibited  some  ability  to  remove  glucose  and 
amino  acids  from  solutions  of  a  concentration  of 
about  10-5  to  10-°  m/1. 

The  conclusion  is  justified  that  at  least  some  or¬ 
ganic  compounds  are  available  to  a  wide  variety  of 
soft-bodied  marine  invertebrates  from  solutions  of 
very  modest  concentration.  It  is  reasonable,  there¬ 
fore,  to  discuss  whether  or  not  such  an  uptake  of  dis¬ 
solved  organic  material  may  be  a  significant  source  of 
reduced  carbon  for  these  organisms  under  natural 
conditions.  This  problem  may  be  outlined  in  a  series 
of  questions : 

1.  What  is  the  evidence  that  the  uptake  of  small 
organic  molecules  occurs  from  solution  rather  than 
by  adsorption  on  particulate  matter?  Is  the  uptake 
initially  by  bacteria  or  by  passage  of  the  medium 
through  the  digestive  tract  ? 

2.  What  is  the  relationship  between  ambient  con¬ 
centration  of  organic  compounds  and  the  rate  at 
which  they  are  removed  from  solution  ? 

3.  What  is  the  expected  concentration  of  such  com¬ 
pounds  in  the  normal  environment  of  the  animals? 
When  this  concentration  is  determined,  how  much 
material  can  be  supplied  to  the  organism  by  this 
method  ? 


4.  What  fraction  of  the  total  energy  budget  of  the 
organism  is  provided  by  reduced  carbon  supplied  in 
this  fashion  ? 

5.  What  is  the  evidence  for  significant  participa¬ 
tion  of  material  acquired  in  this  fashion  in  the  me¬ 
tabolism  of  the  organism  ? 

Answers  to  such  a  series  of  questions  depend  on  the 
initial  designation  of  an  experimental  organism  and 
the  designation  of  a  particular  compound  or  class  of 
compounds.  When  these  questions  are  answered  they 
may  provide  some  evidence  for  attaching  nutritional 
significance  to  certain  dissolved  organic  materials. 
A  broader  ecological  significance  would  rest  on  the 
demonstration  of  the  need  of  a  number  of  different 
forms  for  a  fraction  of  the  total  requirement  of  re¬ 
duced  carbon  supplied  in  this  way. 

It  is  possible  to  approximate  the  answers  to  all 
these  questions  in  one  animal,  the  maldanid  worm. 
Clyiiicnclla  torquata,  and  to  provide  answers  to  some 
of  the  questions  in  a  few  other  cases. 

Character  of  the  Uptake  Process 

The  evidence  for  interpreting  the  uptake  of  glucose 
and  amino  acids  as  a  process  occurring  directly  across 
the  IkkIv  wall  is  presented  in  detail  elsewhere,  but 
perhaps  the  most  cogent  e\  idence  rests  on  procedures 
which  occlude  the  digestive  tract.  When  this  is  done 
in  l•nll<|ia  (Stephens,  1962),  Clymcnclla  (Stephens, 

1963) ,  Screis  succinea,  and  N.  limnicola  (Stephens, 

1964) ,  no  decrease  in  the  rate  of  disappearance  of 
such  compounds  from  the  ambient  medium  is  observed. 

In  most  of  the  studies,  antibiotics  have  been  used 
in  control  procedures.  Kates  of  uptake  are  not  modi¬ 
fied.  Wherever  sufficient  data  are  available  for  analy¬ 
sis,  the  rate  of  uptake  is  an  exponential  function  of 
the  animal’s  weight.  This  suggests  in  another  way 
that  the  uptake  process  is  related  to  the  surface  of  the 
organism. 

In  those  cases  where  data  are  available  (Clymc- 
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nella,  N.  succinea,  and  N.  limnicola ),  the  uptake  of 
amino  acids  represents  an  accumulation  of  these  com¬ 
pounds  in  the  free  amino  acid  pool  of  the  organism. 
Chromatography  has  shown  that  the  radioactive  alco¬ 
hol-soluble  material  extracted  from  these  worms  after 
exposure  to  Cu-labeled  amino  acids  remains  in  the 
same  chemical  form.  It  is  interesting  to  note  that  the 
exchange  of  amino  acids  from  the  organism  to  the 
environment  is  negligible.  If  an  organism  such  as 
Clymettella  is  permitted  to  accumulate  C14-labeled 
glycine  or  phenylalanine,  and  then  is  placed  in  sea 
water  containing  these  compounds  unlabeled  and  at 
concentrations  of  10~5  or  10~4  m/1,  no  significant 
amounts  of  labeled  amino  acids  appear  in  the  medium. 
Hence,  for  practical  purposes,  this  is  a  one-way  ac¬ 
cumulation  system. 

Relation  of  Uftake  to  Ambient  Concentration 

Five  organisms  have  been  examined  and  a  general 
account  may  be  given  for  all  of  them.  At  low  am¬ 
bient  concentrations,  uptake  is  linearly  related  to  con¬ 
centration.  As  the  concentration  of  the  material  con¬ 
cerned  is  increased,  a  point  is  reached  where  further 
increase  no  longer  modifies  the  rate  at  which  the 
material  is  removed  from  solution.  This  suggests 
that  some  rate-limiting  step  is  involved  which  is  ad¬ 
sorptive  in  its  formal  character  (i.e.,  adsorption  on  a 
surface,  saturation  of  a  rate-limiting  carrier,  etc.). 
This  suggestion  is  also  supported  by  the  relation  be¬ 
tween  concentration  and  uptake  which  follows  the 
prediction  for  kinetics  of  an  enzyme-catalyzed  reac¬ 
tion  :  that  a  plot  of  the  reciprocal  of  the  velocity 
against  the  reciprocal  of  concentration  should  give  a 
straight  line  if  the  enzyme  concentration  is  fixed. 
This,  of  course,  does  not  mean  that  the  uptake  is 
necessarily  enzymatic,  but  is  merely  a  further  con¬ 
sequence  of  some  surface-limited  step. 

As  a  result  of  this  relationship  between  concentra¬ 
tion  and  rate,  it  is  possible  to  estimate  the  maximum 
velocity  of  uptake  ( Vmil )  for  a  particular  compound 
and  a  particular  animal.  It  is  also  possible  to  estimate 
the  concentration  at  which  the  velocity  is  half-maxi- 
rnal  (Km).  These  values  arc  listed  in  Table  1.  This 
straightforward  relationship  between  uptake  velocity 
and  ambient  concentration  makes  it  possible  to  calcu¬ 
late  expected  uptake  at  any  predicted  concentration. 

Availability  of  Material  in  Environment 

It  is  necessary  to  confine  our  attention  to  estimates 
of  free  amino  acids  in  sea  water.  Although  a  number 
of  investigators  have  estimated  total  carbohydrate 
(Hood,  1963),  it  has  been  shown  that  carbohydrates 
other  than  glucose  are  not  available  to  Fungia  (Ste¬ 
phens,  1962)  and  Mcrcetwria  (Stephens,  unpublished) 
from  solution.  Hence,  these  estimates  are  not  useful 
in  the  present  context. 

Belser  (1959,  1963)  studied  the  free  amino  acids 
of  seawater  samples  using  a  bioassay  procedure  which 
depended  on  the  growth  of  amino  acid-requiring 
mutants  of  Serrolia  marinorubra.  I-ower  limits  of 


concentration  detectable  were  about  10~5  m/1.  He 
reported  arginine,  glycine,  histidine,  isoleucine,  methi¬ 
onine,  threonine,  and  tryptophan  as  occurring  at  these 
levels  in  at  least  some  samples  of  Seitz-filtered  sea 
water.  He  was  not  able  to  detect  cystine,  leucine, 
and  proline — the  remaining  amino  acids  for  which 
mutants  were  available.  He  also  reported  (personal 
communication)  finding  arginine,  glycine,  histidine, 
isoleucine,  and  threonine  in  some  inshore  sediment 
samples. 

Stephens  ( 1963)  reported  the  presence  of  twelve 
neutral  and  acidic  amino  acids  in  interstitial  sea  water 
of  a  mud  flat  at  concentrations  ranging  from  2.5  X 
10~8  m/1  to  trace  amounts.  Total  concentrations  of 
free  amino  acids  reported  for  several  samples  range 
from  6  X  10~5  to  10~4  m/1. 

Tatsumoto  et  al.  (1961)  and  Park  el  al.  (1962) 
have  reported  the  presence  of  free  amino  acids  in 
sai  face  sea  water  and  at  depths  as  great  as  3,500 
meters.  Ferric  hydroxide  coprecip;tation  was  used 
to  concentrate  the  material  for  analysis.  Since  this 
technique  would  not  be  expected  to  give  quantitative 
recovery,  these  reports  should  probably  be  interpreted 
as  further  qualitative  evidence  for  the  presence  of 
free  amino  acids  in  sea  water. 

It  is  reasonable  to  assume  that  free  amino  acids 
may  be  present  in  total  concentrations  ranging  be¬ 
tween  10~5  and  10~*  m/1  in  inshore  waters.  But 
how  much  organic  material  can  be  supplied  to  meta¬ 
zoan  invertebrates  at  such  concentrations?  Stephens 
(1963)  calculated  that  the  mixture  of  amino  acids 
observed  in  the  habitat  of  Clymenella  could  provide 
approximately  135  micrograms  of  amino  acid  per 
gram  wet  weight  per  hour  at  the  rates  of  accumulation 
measured  in  the  laboratory. 

It  is  clear  that  calculation  of  the  amount  of  ma¬ 
terial  available  to  animals  in  the  environment  must 
involve  c  number  of  assumptions,  some  of  which  can 
lie  directly  checked.  It  can  be  shown,  for  example, 
that  amino  ac>ds  are  removed  from  both  raw  and 
filtered  samples  of  interstitial  sea  water  at  the  same 
rate  as  from  artificial  sea  water  (Stephens,  unpub¬ 
lished),  This  indicates  that  there  are  no  significant 
naturally  occurring  inhibitors  in  the  environment,  and 
it  also  indicates  that  interactions  between  amino  acids 
are  not  a  major  factor.  Other  necessary  assumptions 
remain  unsupported.  For  example,  one  must  assume 
that  the  solution  is  exchanged  at  the  surface  of  the 
animals  at  a  rate  sufficient  to  supply  new  material. 
One  can  calculate  that  this  rate  is  comparatively  mod¬ 
est.  No  direct  information  is  available,  however. 

Comi’arison  with  Total  Energy  Budget 

Oxygen  consumption  is  often  used  as  a  measure  of 
an  organism’s  energy  budget.  It  is  consequently  in¬ 
teresting  to  compare  the  amount  of  organic  material 
which  can  be  obtained  from  solution  with  the  amount 
of  material  necessary  to  sup|>ort  the  oxygen  consump¬ 
tion  of  the  animal  concerned.  Such  a  calculation  does 
not  imply  that  the  material  obtained  in  this  way  is. 
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in  fact,  the  substrate  for  oxidation.  An  aerobic  ani¬ 
mal  may  require,  however,  about  three  times  the 
amount  of  reduced  carbon  necessary  to  support  its 
oxygen  consumption  in  order  to  allow  for  growth  and 
reproduction  (Jprgensen,  1955).  Hence,  any  material 
available  directly  from  solution  may  spare  the  total 
requirement,  even  though  it  docs  not  all  directly  enter 
oxidation  pathways. 

This  comparison  may  be  made  by  calculating  the 
concentration  necessary  to  provide  an  amount  of  ma¬ 
terial  sufficient  to  support  the  observed  oxygen  con¬ 
sumption.  Thus,  Stephens  (1960,  1962)  estimated 
that  solutions  of  glucose  of  a  few  mg/1  would  suffice 
to  support  the  oxygen  consumption  of  Fungia.  Of 
more  interest  is  a  comparison  based  on  amounts  avail¬ 
able  in  the  normal  environment.  Stephens  (1963) 
reported  that  Clymcndla  may  obtain  amino  acids 
equivalent  to  150  percent  of  its  observed  oxygen  con¬ 
sumption.  This  figure  is  based  on  estimates  of  free 
amino  acids  present  in  the  environment.  This  is  the 
only  organism  for  which  such  an  estimate  is  avail¬ 
able,  but,  if  this  is  approximately  correct,  dissolved 
organic  material  represents  a  major  supplemental 
source  of  food  for  these  worms. 

Examination  of  Table  1  permits  some  further 
speculation  concerning  the  potential  significance  of 
this  process.  The  last  column  of  the  table  presents 
the  amount  of  the  organic  compound  equivalent  to 
the  oxygen  consumption  reported  for  the  animal. 
When  this  is  compared  with  the  Vm„x  for  these  com¬ 
pounds,  it  is  apparent  that  the  maximum  rates  of 
uptake  measured  exceed  the  respiratory  requirements 
of  Fungia,  Clymcndla,  and  Scrcis  succinca  (accept¬ 
ing  oxygen  consumption  for  A',  vircns  as  an  approxi 
mation).  The  Kra’s  listed  indicate  that  reasonable 
amounts  of  material  can  lie  supplied  at  modest  con¬ 
centrations.  Hence,  dissolved  compounds  might  pos¬ 
sibly  contribute  effectively  to  the  supply  of  reduced 
carbon  in  these  three  cases.  On  the  other  hand,  the 
figures  for  A’,  limnicola  and  (iolfingia  indicate  a  Vnm, 
which  is  low  compared  with  probable  energy  require¬ 
ments,  suggesting  a  more  modest  contribution  of  dis¬ 
solved  material  to  the  energy  budget. 

Perhaps  the  most  serious  criticism  of  this  specula¬ 
tion  is  in  the  use  of  oxygen  consumption  as  an  index 
of  food  requirements.  This  assumes  that  the  organ¬ 
ism  concerned  is  aerobic  in  its  metabolism,  but  this 
may  be  only  partly  true.  To  the  extent  that  an  ani¬ 
mal  derives  energy  by  anaerobic  pathways  with  a  loss 
of  partially  oxidized  material,  its  requirement  for  re¬ 
duced  carbon  will  increase.  This  implies  a  corre- 
s|K»nding  decrease  in  the  calculated  jiercentagc  con¬ 
tribution  made  to  its  nutrition  by  a  measured  level 
of  uptake  of  organic  material  from  solution.  No  in¬ 
formation  is  available  in  the  forms  studied  which 
would  permit  an  estimate  of  the  extent  of  anaerobic 
metabolism  under  normal  conditions.  Roth  Clyme- 
nclla  and  ,V.  vircns  survive  exjiosure  to  deoxygrnated 
water  for  periods  of  2-1  hours  or  more.  It  is  interest¬ 
ing  that  their  capacity  to  accumulate  amino  acids  is 
not  impaired  by  the  absence  of  oxygen. 


Participation  ok  Accumulated  Material 
in  Metabolism 

At  least  some  of  the  compound  taken  from  solu¬ 
tion  enter  oxidation  pathways.  Significant  amounts 
of  C,4-labeled  carbon  dioxide  are  produced  by  Fungia, 
Cly.ncnclla,  and  Golfmgia  after  exposure  to  labeled 
glucose  and  amino  acids.  These  observations  are 
qualitative  in  character  and  do  not  permit  calculation 
of  the  fraction  of  oxidative  metabolism  dependent  on 
these  compounds.  It  is  also  the  case  that  C14-labeled 
material  is  found  in  alcohol-insoluble  form  in  all  of 
the  organisms  studied,  even  after  brief  exposures  to 
labeled  amino  acids.  The  fraction  of  alcohol-insoluble 
radioactivity  has  lieen  shown  to  increase  with  time 
in  Clymcndla.  There  seems  to  lie  no  reason  to  sus¬ 
pect  that,  generally,  material  accumulated  from  solu¬ 
tion  in  the  surrounding  medium  may  not  be  fully 
available  to  the  organism  and  enter  any  of  the  rele¬ 
vant  oxidative  or  synthetic  pathways. 

Oxygen  consumption  as  a  measure  of  the  potential 
significance  of  material  which  has  been  obtained  from 
solution  is  merely  a  device.  There  is  no  implication 
that  all  the  amino  acid  obtained  in  this  way  is  ulti¬ 
mately  burned.  However,  if  the  material  which  can 
be  obtained  directly  from  solution  is  roughly  equal  to 
the  reduced  carbon  necessary  to  support  the  oxygen 
consumption  of  the  organism,  it  is  probably  significant 
as  a  nutritive  supplement. 

UPTAKE  OF  ORGANIC  MATERIAL  IN 
R  RAC  K I S  H-W ATER  EN  V I  RON  M  EN  TS 

Numerous  attempts  have  been  made  to  demonstrate 
uptake  of  amino  acids  and  glucose  by  soft-bodied 
freshwater  invertebrates  in  our  laboratory.  The  ex¬ 
periments  do  not  permit  the  conclusion  that  no  ma¬ 
terial  can  lie  obtained  by  such  organisms  from  solu 
tion.  However,  the  rate  at  which  such  uptake  may 
proceed  is  very  much  lower  than  that  observed  for 
marine  organisms.  Of  twelve  genera  in  six  phyla 
(Stephens,  1964),  none  is  capable  of  removing  more 
than  a  few  percent  of  added  labeled  glucose  or  amino 
acids  over  a  period  of  24  hours.  Where  labeled  ma¬ 
terial  does  disap|K\ir  from  solution,  the  addition  of 
antibiotics  markedly  reduces  the  observed  rate.  Al¬ 
though  it  cannot  lie  claimed  that  any  of  the  fresh¬ 
water  forms  employed  is  closely  related  to  the  marine 
forms  studied,  these  uniformly  extremely  low  rates 
stand  in  sharp  contrast  to  the  apparent  widespread 
ability  of  marine  forms  to  remove  such  compounds 
from  solution  rapidly. 

The  relationship  between  salinity  and  rate  of  up¬ 
take  in  forms  which  can  tolerate  considerable  changes 
in  the  osmotic  concentration  of  the  environment  is 
interesting.  Two  species  of  brackish-water  nereids 
have  been  studied  (Stephens,  1964)  with  res|>ect  to 
their  ability  to  accumulate  glycine  at  different  salini¬ 
ties.  Roth  Scrcis  succinca  and  S.  limnicola  are  ca¬ 
llable  of  accumulating  this  compound  at  permissive 
chlorositie*  of  the  medium.  When  this  capacity  is 
exhibited,  it  follows  the  pattern  which  has  heen  de- 
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Fig.  1.  Rate  of  uptake  of  giycine  by  Nereis  limnicola 
as  a  function  of  the  chlorosity  of  the  ambient  medium. 
Glycine  concentration  ranges  from  1-2.S  X  10"*  moles/ 
liter.  Uptake  is  expressed  in  arbitrary  units,  bars  repre¬ 
sent  standard  deviations. 


scribed  above.  However,  when  the  chlorosity  of  the 
medium  falls  below  permissive  levels,  accumulation 
stops.  Figure  1  exhibits  this  relationship  for  N.  lim¬ 
nicola;  the  behavior  of  N.  succinca  is  closely  compa¬ 
rable. 

If  one  examines  previous  data  concerning  the  regu¬ 
lation  of  osmotic  concentration  of  chloride  in  these 
animals  (Smith,  1959),  both  organisms  merely  adapt 
to  declining  salinity  by  a  decrease  in  chloride  and  in 
osmotic  concentration  of  the  coelomic  fluid  at  chlo- 
rositics  greater  than  about  225  meq  Cl~/1.  In  more 
dilute  media,  osmoregulation  and  regulation  of  cho- 
ride  concentration  appear.  There  is  a  striking  corre¬ 
lation  between  the  onset  of  these  regulatory  phe¬ 
nomena  and  the  decline  of  the  ability  to  accumulate 
glycine  from  the  medium. 

It  may  be  that  the  processes  that  underlie  osmotic 
regulation  are  incompatible  with  the  rapid  accumula¬ 
tion  of  amino  acids  from  the  ambient  medium,  and 
essentially  all  marine  invertebrates  examined  (with 
the  exception  of  arthropods)  exhibit  such  accumula¬ 
tion  ;  none  of  the  freshwater  metazoans  examined 
show  this  ability. 

At  permissive  salinities,  the  rate  of  glycine  accumu¬ 
lation  bv  X.  succinca  exceeds  that  shown  by  N.  lim¬ 
nicola  (Table  1).  The  two  species  may  be  compared 
with  respect  to  their  distribution  and  their  ability  to 
regulate  at  extremely  low  salinities  ,V.  limnicola 


regulates  extremely  well  at  very  low  salt  concmtra- 
tions  and  may  be  found  in  true  freshwater  environ¬ 
ments  as  well  as  in  brackish  water.  The  osmoregula¬ 
tory  ability  of  N.  succinca  declines  at  low  salinities 
and  the  organism  is  found  in  mixopolyhaline  or 
tnixomesohaline  habitats.  The  two  species  seem  not 
to  overlap  in  distribution  where  both  are  present  in 
an  estuarine  system,  X.  succinca  replacing  N.  limni¬ 
cola  in  brackish  waters  of  higher  salinity  (Felice, 
1958).  These  data  support  the  assumption  that  osmo¬ 
regulation  and  accumulation  of  amino  acids  are  not 
compatible.  They  also  suggest  the  speculation  that 
the  ability  to  accumulate  amino  acids  may  confer  an 
adaptive  advantage  on  organisms  which  inhabit  ma¬ 
rine  or  more  saline  brackish-water  habitats.  (Since 
this  manuscript  was  submitted,  studies  have  been  car¬ 
ried  out  to  relate  amino  acid  uptake  to  the  process 
of  "isosmotic  regulation”  which  characterizes  many 
marine  and  brackish- water  invertebrates.  The  large 
free  amino  acid  pool  in  such  animals  is  reduced  in 
response  to  lowered  salinity.  This  spares  changes  in 
critical  inorganic  constituents  and  is  consequently  in¬ 
terpreted  as  a  regulatory  response  by  several  authors. 
Stephens  and  Virkar  (1966)  have  studied  the  rate  of 
uptake  and  the  rate  of  assimilation  of  amino  acids  by 
the  brittle  star,  Ophiactis  arenosa,  as  it  is  related  to 
the  modification  of  the  free  amino  acid  pool  at  various 
salinities.  These  authors  also  give  a  balance  sheet  for 
uptake,  assimilation,  and  oxidation  of  glycine  by  these 
organisms.  Additional  references  can  be  found  in 
their  paper.) 

CONCLUSIONS 

The  uptake  of  organic  compounds  of  low  molecular 
weight  appears  to  be  a  significant  supplemental  source 
of  reduced  carbon  for  several  marine  animals.  Com¬ 
parison  of  the  material  available  to  the  animals  at 
concentrations  characteristic  of  their  environment, 
and  the  amount  of  material  necessary  to  account  for 
oxidative  metabolism  supports  this  position.  Finally, 
there  is  qualitative  evidence  that  such  material  can 
enter  oxidative  and  synthetic  pathways  in  the  animals 
studied. 

This  is  a  general  position,  but  some  additional 
remarks  should  be  made: 

First,  it  is  clear  that  the  calculations  which  permit 
the  assessment  of  the  potential  significance  of  this 
process  can  offer  nothing  more  than  order -of-magni- 
tude  estimates.  Our  data  concerning  naturally  occur¬ 
ring  concentrations  of  specific  organic  compounds  in 
sea  water  are  limited.  Even  in  the  most  carefully 
studied  animal,  the  bamboo  worm,  Clymcnclla,  we 
cannot  provide  a  complete  description  of  the  rates 
at  which  all  amino  acids  are  accumulated.  Finally, 
work  should  be  done,  not  with  one  class  of  com¬ 
pounds  but  with  many.  Recognizing  the  limitations 
of  our  information,  we  have  made  every  effort  to 
avoid  overestimating  the  amount  of  organic  material 
available  by  this  pathway.  It  is  fair  to  describe  this 
work  as  pseudo-quantitative  in  the  sense  that  calcu¬ 
lations  are  based  on  incomplete  information.  Never- 
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theless,  one  arrives  at  the  conclusion  that  significant 
amounts  of  material  are  involved  in  terms  of  the 
overall  budget  of  the  organism.  A  more  intensive 
study  of  this  possibility  is  needed — particularly  be¬ 
cause  the  work  which  has  been  undertaken  strongly 
suggests  the  potential  importance  of  dissolved  organic 
material  in  ecosystem  dynamics. 

Second,  it  should  be  emphasized  that  in  defending 
the  potential  significance  of  dissolved  organic  ma¬ 
terial,  there  is  no  intent  to  deny  the  significance  of 
other  means  by  which  marine  invertebrates  obtain 
organic  material.  There  is  not  the  slightest  doubt 
that  Clytncnella  is  indeed  a  detritus  feeder  and  passes 
material  through  the  gut.  There  is  no  reason  to  doubt 
that  this  contributes  to  its  nutrition.  Similarly,  Fun- 
gia  functions  as  a  carnivore.  It  may  also  derive  or¬ 
ganic  compounds  of  nutritive  significance  from  sym¬ 
biotic  algae.  What  is  being  proposed  is  that  uptake 
of  organic  material  from  solution  may  supplement 
other  pathways.  If  this  is  the  case,  it  may  serve  the 
animals  in  several  ways :  organic  material  derived 
from  this  process  of  uptake  from  solution  may  quan¬ 
titatively  spare  other  feeding  mechanisms;  it  may 
provide  a  qualitative  supplement  to  food  derived  from 
other  sources  by  providing  compounds  not  normally 
present  in  the  diet;  it  t^iy  increase  survival  time 
during  periods  of  scarcity  of  other  food  material.  If 
dissolved  organic  material  is  indeed  significant  in 
one  or  more  of  these  ways,  this  has  implications  of 
ecological  interest.  The  biomass  supported  at  a  par¬ 
ticular  trophic  level  may  be  increased  by  such  con¬ 
tributions.  The  last  point  suggests  a  corresponding 
decrease  in  efficiencies  calculated  on  assumption 
tliat  all  nutrition  is  derived  directly  from  the  adjacent 
lower  trophic  level.  This  would  also  imply  a  further 
relaxation  of  physical  limitations  on  communities. 
Distant  primary  producers  may  contribute  in  yet  an¬ 
other  way  to  the  support  of  a  limited  area  under 
study.  If  we  extend  the  term  "detritus”  to  include 
dissolved  organic  material,  then  soft-bodied  marne 
invertebrates  at  all  trophic  levels  may  to  some  extent 
be  detritus  feeders. 

A  third  [mint  concerns  reservations  about  using 
oxygen  consumption  as  a  measure  of  food  require¬ 
ments  of  marine  animals.  Some  marine  invertebrates 
are  capable  of  tolerating  anaerobic  conditions  for  con¬ 
siderable  jieriods.  That  such  conditions  are  charac¬ 
teristic  of  aquatic  environments  has  been  pointed  out 
by  several  investigators  ( Wciser  and  Kanwisher. 
1959;  Gordon,  I960).  It  is  possible  that  products  of 
anaerobic  metabolism  may  accumulate  during  brief 
jieriods  of  oxygen  deficit  and  may  subsequently  un¬ 
dergo  complete  oxidation.  However,  it  is  likely  that 
partially  oxidized  products  of  anaerobic  metabolism 
may  be  transferred  to  the  medium.  Thus,  if  one  calcu¬ 
lates  the  reduced  carbon  requires!  by  a  facultative 
anaerobe  based  on  measurements  of  oxygen  consump¬ 
tion  in  the  laboratory,  an  underestimate  will  result. 
This  corrcs|nindingly  mollifies  the  relationship  between 
available  dissolved  organic  material  and  the  energy 
budget  of  the  organism.  Another  pathway  by  which 


material  is  lost  is  that  slime-producing  animals  must 
certainly  be  less  than  100  percent  efficient  in  the  re¬ 
covery  of  mucus  and  other  material  secreted  at  the 
body  surface.  This  represents  a  loss  of  reduced  car¬ 
bon  which  is  not  reflected  in  oxygen  consumption  or 
in  biomass  measurements,  but  which  must  be  replaced 
by  synthesis  from  organic  precursor  materials.  The 
quantitative  significance  of  such  losses  of  reduced 
carbon  has  yet  to  be  assessed. 

The  complex  of  questions  which  may  be  raised 
about  the  role  of  organic  material  in  aquatic  environ¬ 
ments  cannot  be  approached  meaningfully  by  such 
techniques  as  measurements  of  total  organic  carbon. 
It  is  likely  that  some  materials  are  available  to  or¬ 
ganisms  and  may  function  as  nutritive  supplements. 
Other  organic  materials  may  represent  losses  of  one 
sort  or  another  injected  into  the  medium,  perhaps  to 
the  ultimate  l>enefit  of  other  members  of  that  com¬ 
munity  or  some  downstream  association.  Study  of 
the  exchanges  of  organic  material  between  animals 
and  an  aquatic  environment  can  be  pursued  with  in¬ 
creased  profit  when  we  know  more  about  qualitative 
and  quantitative  organic  analysis.  Additional  studies 
will  produce  systems  of  great  interest  to  the  general 
and  comparative  physiologist.  They  may  also  lead 
to  information  which  will  amplify  and  clarify  ecologi¬ 
cal  analysis  of  aquatic  communities. 

Author's  Note:  Portions  of  this  work  were  supported 
by  U.  S.  Public  Health  Service  Grant  06378  and  by  the 
Graduate  School  of  the  University  of  Minnesota. 
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The  Organic  Detritus  Problem 

REZNEAT  M.  DARNELL 

Department  of  Biology.  Marquette  University.  Miltcaukee,  If'isconsin 


Thi*  volume  represents  a  major  effort  to  sum¬ 
marize  and  synthesize  our  present  knowledge  in  the 
various  disciplines  of  estuarine  science  so  that  it  may 
form  a  true  point  of  departure  for  future  research. 
In  a  very  real  sense  these  considerations  apply  to  the 
role  of  organic  detritus  in  estuaries.  Literature  deal¬ 
ing  with  the  organic  detritus  problem  is  diffuse, 
widely  scattered,  and  written  in  a  variety  of  languages 
so  that  it  is  difficult  for  the  individual  worker  to  gain 
an  overall  insight  into  tlie  complexities  of  the  sub¬ 
ject.  Much  of  the  inifiortant  detritus  work  has  not 
been  carried  out  in  estuaries.  It  is,  therefore,  neces¬ 
sary  to  transpose  and  translate  this  knowledge  into 
the  estuarine  context.  In  addition,  the  actual  critical 
work  on  the  problem  appears  to  be  very  small,  and 
one  is  forced  to  deal  with  voluminous  reports  in 
which  the  significance  of  organic  detritus  is  inferred 
from  several  types  of  circumstantial  ev  idence. 

Traditionally  organic  detritus  has  been  thought  of 
as  including  only  the  particulate  decomposing  organic 
material.  It  is  quite  clear,  however,  that  biological 
degradation  basically  involves  reduction  of  the  formed 
bodies  through  a  continuous  spectrum  of  particle  sizes 
down  to  the  level  of  small  molecules.  In  addition,  cer¬ 
tain  secondary  processes  are  n  .  known  which  result 
in  an  increase  in  [article  size.  In  either  case  no  sharp 
dividing  lines  exist.  Therefore,  it  seems  appropriate 
to  redefine  organic  detritus  as  all  types  of  biogenic 
muter  mi  m  tonoiu  stages  of  microbial  decomposition 
U'Ai*  h  represent  potential  energy  sources  for  con¬ 
sumer  species.  Ilv  this  definition  organic  detritus  in¬ 
cludes  all  i lead  organisms  as  well  as  the  secretions, 
regurg ‘tattoos,  excretions,  ami  egestmns  of  living 
organisms,  together  with  all  subsequent  products  of 
deconi|>oMtio>i  which  still  represent  jiotmtial  sources 
of  etiergv  According  to  this  definition,  proteins, 
amino  acids,  and  methane  gas.  for  example  would 
still  l>r  consnleresl  as  organic  ilrtrtiuv  whereas  car¬ 
bon  dioxide,  water,  etc  would  not.  For  convenience 
we  may  distinguish  lietwcm  particulate  organic  ilc 
tritus  'that  material  retained  by  filter*  with  ajiertures 
of  one  micron  diameter  i  and  auhfurltcutalc  organic 
detritus  i  material  which  jussex  through  such  filters  i 
Mans  forms  of  nncrobiota  arc  intimate's  asvw  lated 
with  tin-  «lecom|«>sing  substrata 

The  history  ol  human  thought  regarding  organic 
■'‘•tritus  iw:.v  'w  traced  hack  to  antiquity  Mans  of  the 
ancient  peoples  belies  ol  that  tbc  minis  and  sJimcs 
represented  both  the  omrer  and  sustmance  «f  aquatic 
life  Major  recordol  inferences  regarding  the  matter 


began  after  tlie  advent  of  the  microscope,  and  the 
problem  has  really  achieved  prominence  only  during 
the  |>ast  century,  beginning  with  the  observation  by 
Mohius  ( 1871 )  of  Germany  that  oysters  may  con¬ 
sume  detritus  particles.  Later  Rauschenplot  (1901) 
and  laihmann  (1908,  1909,  1911)  pointed  out  that 
other  "plankton  feeders’*  also  consume  quantities  of 
this  material.  Petersen  and  Jensen  (1911)  put  forth 
convincing  evidence  to  support  their  hypothesis  that 
in  the  shallow  Danish  waddrn  area  the  basic  source 
of  nutrition  of  the  animal  |M>|>ulations,  rs|icciallv  the 
benthic  invertebrates,  is  the  organic  detritus  derived 
chiefly  from  the  decay  of  shallow-water  rooted  vege¬ 
tation  (especially  Zostcra  marina).  Klegvad  ( 1915  > 
gave  further  evidence  in  support  of  this  hypothesis, 
and  Jensen  (  FM5)  concluded  that,  whereas  the  com¬ 
munities  of  o|>cn  marine  waters  might  be  supported 
chiefly  by  phytoplankton,  as  suggested  by  Hcnsen 
i  1887 )  and  others  of  the  "Kiel  school”,  the  communi¬ 
ties  of  the  more  enclosed  coastal  waters,  in  general, 
are  hugely  dependent  u|>on  particulate  organic  detri¬ 
tus  derived  principally  from  the  decay  of  rooted  vege 
tat  ion  Other  early  workers  who  strrssed  the  signifi¬ 
cance  of  particulate  organic  detritus  include  Xaumann 
i  1918.  1921.  1923)  in  Europe,  and  Baker  (19I6>  and 
MacGinitie  f  1932.  1935)  in  tlie  United  States. 

Another  as|»eet  of  the  organic  detritus  problem  is 
the  significance  ot  the  subfurticulatc  nutter.  His¬ 
torically,  study  of  this  nuy  he  said  to  have  originated 
at  the  turn  of  tlie  century  with  the  work  of  Knorrich 
i  191)1  i  who  mntulatcd  that  Paphnia  is  able  to  ilerive 
nourishment  from  dissolved  nutro-nts.  This  notion 
was  greatly  cx|«nded  by  Putter  l  I9U8,  l>> 

who  theorized  that  many  aquatic  animals  I  including 
fish  i  can  utilize  dissolved  organic  material  present  in 
tlie  surrounding  watrr  This  topic  lurainc  tlie  cr-iter 
of  livrly  delute  during  the  ensuing  years  hut  up  to 
the  present  devaile.  at  least.  Putter’s  basic  hypothesis 
retnainrsl  neither  proven  nor  cuclustvely  dtsprmen 
It  is  not  i«»ssiWe  to  device  tunc  to  the  details  of  the 
delate  here  Historical  summaries  may  lie  found  in 
tlie  |u|>crs  ot  Krugh  •  1 9.1 1  i.  Bond  i  1933 !.  Alice  ami 
l-'rank  *  I  M'i  i.  ami  Fdmoudsjn  i  1 957  i 

Ihiring  the  just  two  tleeailcs  a  numtef  of  sigmh 
cant  |s>|>ers  lusc  atqwatcd  dealing  with  the  topics 
of  biological  decomposition,  owmmiptem  of  particti 
late  detritus  ingestion  ami  utilization  of  specific  or¬ 
ganic  compounds  ihuclmsixs,  vitamins,  ammo  acids, 
sugars,  gases,  etc  i.  as  well  as  the  environmental  Cost 
crntrafions  of  these  materials  \\  ttl  the  advmt  of 


7r' 


374 


THE  IIKt.ANlC  DETRITUS  I'RORt.EM 


375 


radioactive  tracer  techniques  and  germ  free  proce¬ 
dures  it  is  now  j«»sililc  to  approach  these  matters 
experimentally,  to  sort  out  the  variables,  and  to  pro¬ 
vide  quantitative  data  in  place  of  >|«-culat>ve  hv|x>the- 
sis.  The  study  of  organic  detritus  has  just  entered 
the  analytical  pi:,  e.  and  for  the  first  time  we  stand 
on  tile  threshold  of  real  knowledge. 

Considering  the  tremendous  hulk  of  organic  matter 
which  annually  passes  through  the  processes  of  bi¬ 
ological  decomposition,  and  recognizing  the  existence 
of  a  numlier  of  thriving  communities  which  appar¬ 
ently  receive  energy  from  no  other  source,  this  rela¬ 
tively  unexplored  field  must  stand  as  one  of  the  major 
frontiers  of  aquatic  science. 

In  conclusion,  t  should  fie  noted  that  consumer 
nutrition  is  only  one  asficct  of  the  organic  detritus 
problem.  Many  organic  conqsiunds  released  into  the 
aquatic  environment  have  lieen  shown  to  exert  s|ie- 
cilic  influences  U|xm  various  s|wcu-v  Such  influences 
include  growth  stimulation  or  inhibition,  attraction 
or  repulsion,  etc  Through  its  contributions  to  tur¬ 
bidity.  sedimentation,  and  chemical  alteration  of  the 
environment,  organic  detritus  must  influence  every 
major  process  active  >n  aquatic  communities. 

Author's  Sole .  This  paper  is  Contribution  No.  9  from 
the  laboratory  of  Hydrobiology.  Department  of  Biology, 
Marqurlte  University,  Milwaukee.  Wisconsin.  It  was 
supported  in  (art  by  grants  from  the  National  Science 
KouivUti'm  (G-33561  ami  GB -813). 
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Organic  Detritus  in  Relation  to  the  Estuarine  Ecosystem 

REZNEAT  M.  DARNELL 
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Our  aim  is  to  examine  the  state  of  knowledge  of 
the  estuarine  detritus  problem  in  order  to  place  the 
various  aspects  in  perspective  as  an  orientation  for 
future  research.  To  accomplish  this,  we  shall  first 
explore  the  processes  of  biological  decomposition,  then 
examine  the  non-nutritive  as  well  as  the  nutritive 
roles,  and  finally  reach  some  tentative  conclusions 
regarding  the  general  role  of  organic  detritus  in 
estuaries.  Since  estuaries  are  variable  and  many  gaps 
exist  in  our  present  knowledge,  it  will  sometimes  be 
necessary  to  deal  in  generalities. 

NATURE  OF  ESTUARINE  DETRITUS 

We  have  defined  organic  detritus  as  all  types  of 
biogenic  material  in  various  stages  of  microbial  de¬ 
composition  which  represent  potential  energy  sources 
ror  consumer  species,  and,  for  convenience,  we  have 
recognized  two  states :  the  particulate  and  subpar¬ 
ticulate  (Jorgensen,  1952).  Many  forms  of  micro- 
biota  are  intimately  associated  with  the  decomposing 
substrata. 

Riological  Decomposition 

A  generalized  scheme  of  biological  decomposition 
based  upon  particle  size  is  presented  in  Figure  1. 
Organic  material  entering  this  scheme  represents  the 
total  gross  primary  and  secondary  production  of  the 
community,  exclusive  of  that  material  which  is  tem¬ 
porarily  tied  up  in  the  protoplasm  of  producer,  con¬ 
sumer,  and  decomposer  species,  and  that  material 
which  has  been  oxidized  to  the  low-energy  state 
through  respiration.  Organic  matter  may  enter  the 
scheme  either  as  large  particles :  carcasses,  feces, 
shed  exoskeletons,  leaves,  etc.;  as  smaller  particles: 
fragments  of  organisms,  regurgitations,  smaller  fecal 
particles,  etc.;  or  as  colloids  or  smaller  molecules: 
secretions,  excretions,  etc.  Regardless  of  the  form 
in  which  it  enters  the  decomposition  scheme,  if  it  is 
not  lost  to  the  sediments  it  will  subsequently  be  broken 
down  to  smaller  size  until  it  reaches  the  end-molecule 
low-energy  state. 

For  convenience,  we  think  of  the  particulate  or¬ 
ganic  detritus  as  being  composed  of  large  and  small 
particles.  The  source  of  large  particles  is  generally 
recognizable,  and  the  particles  tend  to  precipitate 
rapidly.  Smaller  particles  generally  cannot  be  identi¬ 
fied  with  a  specific  source,  and  they  usually  precipi¬ 
tate  more  slowly  (the  relatively  larger  surface  area 
of  small  particles  results  in  sufficient  friction  with  the 
surrounding  water  molecules  to  offset  much  of  the 
gravitational  force). 


Subparticulate  organic  detritus  includes  the  colloi¬ 
dal  micelles  as  well  as  the  chemically  reduced  organic 
molecules.  Colloids,  which  often  remain  in  suspension 
almost  indefinitely,  may  include  molecular  aggregates 
or  large  molecules,  such  as  proteins,  carbohydrates, 
lipids,  etc.  Smaller  molecules  may  exist  as  dissolved 
liquids  (biochromes,  vitamins,  amino  acids,  sugars, 
urea,  nitrates,  nitrites,  etc.)  or  as  dissolved  gases 
(methane,  ammonia,  hydrogen  sulfide,  etc.).  All  of 
the  above  materials  represent  potential  energy  sources 
for  some  consumer  species,  and,  therefore,  they  are 
referred  to  here  in  the  broader  context  of  organic 
detritus.  The  fully  oxidized  end-molecules  (carbon 
dioxide,  water,  etc.)  can  neither  supply  energy  to  any 
known  consumer  species  nor  enter  into  any  calcula¬ 
tions  of  the  Lindemanian  energy  scheme.  I  lence, 
they  are  excluded  from  our  definition  of  organic 
detritus. 

Although  organic  decomposition  basically  involves 
a  reduction  in  narticle  size,  a  number  of  factors  in 
aquatic  environments  increase  the  size  of  particles. 
In  marine  environments,  at  least,  colloidal  organic 
micelles  tend  to  adhere  to  exposed  surfaces  by  the 
processes  of  adsorption,  agglomeration,  and  coacerva- 
tion,  thus  forming  larger  dispersed  particles  (lep- 
topel),  oozes  and  slimes  on  surfaces  of  small  objects 
and  particles  (pelogloea),  and  thin  organic  "'lodges 
on  the  muddy  ocean  floor  (sapropel)  (Fox  cl  al., 
1952;  Fox  ct  al.,  1953).  In  addition,  particles  may  be 
formed  in  marine  waters  by  denaturation  of  dissolved 
organic  molecules  on  surface  films  such  as  the  air- 
water  interfaces  of  bubbles  (Bavlor  ct  al.,  1962:  Ram¬ 
sey.  1962;  Riley,  1963;  Sutcliffe  ct  al.,  1963).  The 
operation  of  these  phenomena  in  estuaries  has  yet  to 
be  studied  in  detail.  Many  aquatic  consumers  are 
known  to  produce  fecal  pellets  which  are  larger  than 
the  individual  particles  ingested  (Moore,  1931a,  b) — 
a  factor  which  clearly  operates  in  estuaries  as  else¬ 
where. 

Biological  decomposition  involves  both  mechanical 
and  chemical  simplification.  Mechanical  breakdown 
must  occur  primarily  through  the  repeated  shaking 
and  rolling  action  of  waves  and  water  currents  which 
affect  materials  that  have  been  structurally  weakened 
through  chemical  action.  The  tearing  and  grinding 
processes  of  many  consumer  species  must  likewise 
play  a  significant  role  in  the  reduction  of  particle 
size. 

Chemical  simplification  of  organic  detritus  must  be 
brought  about  primarily  through  the  processes  of  hy¬ 
drolysis  and  oxidation.  Three  agents  arc  likely  to  be 
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Fig.  1.  Biological  decomposition  and  organic  detritus 
formation.  Primary  processes  of  particle  size  reduction 
are  indicated  by  unbroken  arrows.  Secondary  processes 
which  increase  the  size  of  the  particles  are  shown  by 
broken  arrows. 


involved:  autolysis — the  breakdown  of  tissues  by  their 
own  enzymes;  chemical  effects  of  passage  through  the 
guts  of  consumers;  and  the  chemical  activities  of  the 
saprophytic  bacteria  and  fungi.  Autolysis  may  be  of 
some  initial  importance,  especially  in  destruction  of 
the  cell  membranes  (Golterman,  1964).  It  is  probable 
that  enzymes  of  consumer  species  continue  to  hydro- 
lize  fecal  components  after  passage  from  the  gut, 
but  little  work  seems  to  have  been  carried  out  on  this 
matter  (Anderson  ct  al.,  1958).  Undoubtedly,  the 
bacterial  and  fungal  decomposers  account  for  the 
greatest  share  of  the  chemical  breakdown  of  organic 
material  in  most  natural  aquatic  systems.  The  first 
visible  evidence  of  such  a  breakdown  is  a  rupture  of 
the  cell  membrane  with  a  subsequent  release  of  cell 
com|K>nents  into  the  environment.  Peripheral  cells 
undoubtedly  are  attacked  first.  In  plant  cells,  the 
cellulose  walls  may  trap  some  of  the  larger  proto¬ 
plasmic  constituents,  and  microorganisms  which  in¬ 
vade  tiic  cell  wall  structures  must  decompose  this 
material  in  situ.  Some  workers  have  postulated  that 
particulate  organic  detritus  must  be  composed  pri¬ 
marily  of  the  structural  components  of  vegetation, 
and.  as  such,  must  represent  primarily  a  carbohydrate 
rather  than  a  nitrogen  source  (Darnell,  1964).  This 
may  Ik*  true  of  smaller  particles  in  later  stages  of 
breakdown,  but,  initially  at  least,  the  large  particles 
must  contain  much  nitrogenous  matter  in  the  form 
of  trapped  protoplasmic  structures  and  invading  mi¬ 
croorganisms.  Surface  adsorption  phenomena  un¬ 
doubtedly  increase  the  nitrogen  content  of  particles 
of  all  sizes  (Krev,  1961),  but  they  may  play  an  es¬ 
pecially  prominent  role  in  the  enrichment  of  smaller 
particles  which  tend  to  have  a  higher  surface  to 
volume  ratio  (Fig  2).  Plant  detritus,  which  appears 
to  persist  longest,  includes  structural  materials  com¬ 
posed  largely  of  cellulose  and  lignins  as  well  as  cer¬ 
tain  other  large  molecules,  such  as  the  biopigments. 
Persisting  animal  detritus  includes  certain  hard  parts 


such  as  chitinous  structures,  teeth,  bones,  scales,  eye 
lenses,  etc.  These  chemically  resistant  material®, 
which  tend  to  remain  after  loss  of  the  softer  matter, 
have  been  collectively  referred  to  as  “humus”  (Odum, 
1959). 

It  has  been  pointed  out  that  some  nutrients  be¬ 
come  immediately  available  for  consumer  use  and 
others  persist  longer.  It  is  also  clear  that  subparticu¬ 
late  material  is  more  readily  transported  by  water 
currents  to  other  areas  than  is  particulate  material. 
Therefore,  organic  detritus  may  be  an  important 
source  of  stored  energy  and  building  materials,  part 
of  which  may  be  used  locally  and  immediately,  and 
part  of  which  is  available  elsewhere  later.  The  long- 
persisting  structural  elements  may  eventually  prove 
to  be  among  the  chief  energy  sources  of  productive 
areas  during  off-seasons,  and  of  nonproductive  areas 
(such  as  the  sea  bottom)  during  all  seasons  (Krev, 
1961). 

Composition  and  Sources  of  Orcanic  Detritus 


Since  primary  production  far  exceeds  secondary 
production  in  most  environments,  it  is  not  surprising 
to  find  that  the  great  bulk  of  organic  detritus  in  estu¬ 
aries  is  derived  from  vegetation.  The  original  sources 
of  such  material  have  been  described  as : 

1.  Autochthonous  sources 

a.  Phytoplankton  (including  algae  and  auto¬ 
trophic  bacteria). 

b.  Marginal  submerged  vegetation. 

c.  Mud-flat  diatoms  and  filamentou ;  algae  (es¬ 
pecially  blue-greens). 

d.  Periphyton  growing  on  stems  of  emergent 
plants  and  other  surfaces. 

2.  Allochthonous  sources 

a.  Marginal  marsh  vegetation. 

b.  Marginal  swamp  vegetation. 

c.  River-borne  phytoplankton  and  organic  de¬ 
tritus. 

d.  Beach  and  shore  material  washed  in  during 
storms  or  other  times  of  high  water, 

e.  Windblown  material,  especially  leaves  and 
pollen  grains. 


Fig.  2.  Organic  detritus  particle  showing  living  and 
non-living  components  (schematic). 
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f.  Phytoplankton  and  other  material  originat¬ 
ing  in  the  adjacent  marine  environments. 

A  comparable  list  of  sources  showing  materials  of 
animal  origin  might  be  drawn  up,  but  the  only  notable 
addition  would  lie  a  category  for  organic  sewage  de¬ 
rived  from  human  settlements,  upstream  or  adjacent 
to  the  estuary. 

Quantitative  data  on  the  significance  of  each  source 
of  estuarine  detritus  have  seldom  been  given,  but  esti¬ 
mates  of  relative  importance  clearly  indicate  that  the 
sources  differ  in  abundance  from  one  estuary  t  an¬ 
other,  and  within  a  given  estuary  they  vary  in  rela¬ 
tion  to  the  season  and  to  the  position  in  the  salinity 
gradient.  Sources  of  estuarine  detritus  have  been 
discussed  by  many  workers,  including  MacGinitie 
(1932,  1935)  and  Fox  (1950)  in  California:  Darnell 
(1961,  1964)  in  Louisiana;  Burkholder  (1956),  Burk¬ 
holder  and  Burkholder  (1956),  Burkholder  and  Born- 
side  (1957),  Starr  (1956),  and  others  in  Georgia; 
Darnell  (1964)  in  North  Carolina:  Rees  (1940)  in 
England ;  Petersen  and  Jensen  (1911)  in  Denmark ; 
Day  (1952),  Day  cl  al.  (1952).  Macnae  (1956,  1957), 
and  Scott  et  al.  ( 1952  i  in  S  auth  Africa. 

Rivers  entering  most  estuaries  carry  a  load  of 
negatively  charged  organic  particles  which  are  pre¬ 
cipitated  by  the  positively  charged  metallic  ions  of 
the  salt  water.  As  noted  bv  Day  (1952)  and  others, 
however,  positively  charged  organic  particles  may  not 
be  precipitated  in  this  fashion,  but  may  persist  for 
some  time  suspended  even  in  the  salt  water.  Materials 
swept  into  the  estuary  by  saltwater  currents  from  the 
adjacent  marine  environments  are  also  precipitated 
within  the  estuary.  Among  autochthonous  phytoplank¬ 
ton  populations,  surface-floating  blue-greens  such  as 
Anabnena  (Darnell,  1%1)  and  various  species  of 
diatoms  have  been  mentioned  by  some  workers.  The 
dominant  vegetation  of  marginal  marshes  often  pro¬ 
gresses  from  species  inhabiting  relatively  fresh  water 
(  Tyf'lta,  Scirpus,  Phragmitcs,  etc.)  near  the  head  of 
the  estuary  to  more  salt-tolerant  species  (Spartina, 
Salicomia.  J minis ,  and  the  mangroves,  Rhiznphora 
and  Aviccnnia)  nearer  the  ocean.  Zostcra  and  Rup- 
pia,  among  the  submerged  vascular  plants,  and  F.n- 
tcromorpha  and  Polysiphonia,  among  the  filamentous 
algae,  have  also  been  suggested  as  important  sources. 
Little  attention  seems  to  have  been  given  to  the  po¬ 
tentially  important  matter  of  periphyton  which,  al¬ 
though  small,  is  often  ubiipiitous  in  marsh  areas.  The 
rates  of  production,  destruction,  and  transport  of  this 
material  are  likely  to  be  high  in  certain  environments. 
It  is  clear  that  organic  detritus  from  one  source  or 
another  is  abundant  in  most  estuaries,  but,  before  the 
study  of  the  estuarine  detn'us  problem  can  make  much 
headway,  it  will  be  necessary  to  define  the  sources  on 
a  quantitative  basis.  Such  figures  will  have  to  take 
into  account  seasonal  aspects  of  availability  as  well 
as  the  importance  of  the  various  sources  in  each  re¬ 
gion  of  the  estuary.  A  good  beginning  in  this  direc¬ 
tion  has  Iwen  made  by  the  workers  in  the  Georgia 
salt  marshes  (Odum  and  dc  la  Cruz,  elsewhere  in 
this  volume). 


ESTUARINE  DETRITUS  IN  RELATION  TO 
TURBIDITY  AND  SEDIMENTATION 

Turbidity 

The  turbidity  of  estuaries  is  variable,  but  on  the 
average,  far  higher  than  in  neighboring  marine  en¬ 
vironments  (Day,  1952).  This  is  due  in  some  meas¬ 
ure  to  suspended  silt  and  other  inorganic  materials, 
but  it  is  also  due  in  no  small  measure  to  the  amount 
of  particulate  organic  detritus  present.  Important 
estuarine  processes  are  erosion,  transport,  and  deposi¬ 
tion.  These  phenomena  are  reversible  and  depend 
largely  upon  the  strength  of  the  currents  (Day,  1952). 
High  turbidity,  in  turn,  limits  the  growth  of  au¬ 
tochthonous  vegetation,  both  the  phytoplankton  (  Dar¬ 
nell,  1961;  Day,  1952;  Rees,  1940)  and  the  rooted 
vegetation  (Cooper  and  Milne,  1938;  Milne,  1938). 
Darnell  ( 1961 )  noted  that  among  the  most  successful 
phytoplankton  species  of  the  very  turbid  Lake  Pont- 
chartrain  community  were  the  surface-floating  blue- 
green  algae  (Anabacna  spp.,  Microcystis  spp.,  etc.). 
To  some  extent  the  reduction  in  photosynthesis  and 
dispersal  of  bacteria-laden  detritus  particles  reduce 
the  oxygen  tension  of  the  estuary.  Because  of  waves 
and  water  movement,  however,  low  oxygen  conditions 
are  rare  in  estuaries,  except  where  the  flow  rate  is 
low.  This  sometimes  occurs  near  the  bottom,  especi¬ 
ally  at  low  tide  and  at  night  (Day,  1952),  High 
turbidity  may  also  affect  the  animal  populations  ad¬ 
versely  (presumably  through  gill  clogging),  but  it 
may  also  conceal  certain  tenth ic  species  from  attack 
by  predators  (Darnell,  1958,  1961). 

Sedimentation 

Day  (1952)  has  pointed  out  that  if  sedimentation 
is  too  slow  the  mud-fauna  is  restricted,  whereas  too 
rapid  sedimentation  may  smother  certain  plants  and 
animals.  Whether  through  the  action  of  turbidity, 
sedimentation,  or  other  associated  factors,  the  fauna 
and  flora  of  muddy,  high-organic  environments  tend 
to  be  different  front  the  biota  of  other  areas.  Many- 
morphological  adaptations  have  been  aoted  among  the 
inhabitants  of  such  areas  (MacGinitie.  1932),  and 
certain  groups  are  known  to  be  especially  successful 
here  (sciaenid  fishes,  penaeid  shrimp,  certain  anne¬ 
lids,  etc.),  whereas  others  arc  reduced  or  absent. 

NUTRITIVE  ASPECTS  OF  ESTUARINE 
DETRITUS 

Criteria  for  Demonstrating  the 
Nutritive  Role  of  Organic  Detritus 

A  large  share  of  the  literature  concerning  the  ac¬ 
tual  role  oi  organic  detritus  in  the  nutrition  of  aquatic 
animals  has  involved  speculation  based  upon  incom¬ 
plete  knowledge.  To  date,  most  of  our  conclusions 
are  really  opinions  based  upon  personal  experience 
with  one  environment  or  another.  Therefore,  before 
initiating  the  discussion  of  the  state  of  present  knowl¬ 
edge,  it  seems  wise  to  put  forth  a  statement  of  the 
types  of  information  required  for  a  rigorous  demon- 
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stration  of  the  nutritive  role.  These  include  the  fol¬ 
lowing  four  criteria: 

1.  Availability  of  organic  detritus  in  the  natural 
environment  of  the  orga  lism. 

2.  Ability  of  the  organism  to  procure  and  handle 
the  material  (i.e.,  demonstration  of  appropriate  mor¬ 
phological,  physiological,  and  behavioral  adaptations). 

3.  Actual  utilization  of  the  detritus  under  field  con¬ 
ditions  ( i.e.,  in  relation  to  the  physical  environment 
and  in  competition  with  other  species  of  the  com¬ 
munity).  This  is  especially  important.  The  work  of 
Stephens  (1964)  has  pointed  out  that  certain  estu¬ 
arine  species  may  take  in  dissolved  organic  matter 
only  if  the  salinity  is  sufficiently  high. 

4.  Nutritive  value  of  the  consumed  detritus  for  the 
consuming  species.  Ingestion  alone  does  not  demon¬ 
strate  a  nutritive  role.  Tests  of  survival  and  growth 
on  detritus  diets  help,  but  the  convincing  evidence 
must  come  from  the  utilization  of  C14-labeled  organic 
detritus  and  the  demonstration  of  its  incorporation 
into  the  consumer  j  rotoplasm.  Ideally,  these  tests 
should  be  run  undr  germfree  conditions. 

Nutritive  Roi.e  of  Particulate  Organic  Detritus 

As  indicated  earlier,  particulate  organic  detritus  of 
one  sort  or  another  is  an  almost  universally  abundant 
commodity  in  the  estuaries  of  the  world.  If  it  plays 
a  nutritive  role  anywhere,  it  must  do  so  here.  Un¬ 
fortunately,  few  investigators  have  actually  reported 
particle  sizes  of  this  material,  but  all  visible  organic 
detritus,  of  course,  falls  within  this  category.  Ed¬ 
mondson  (1957)  has  noted  that,  although  many  fresh¬ 
water  zooplankton  species  show  particle  size  selectiv¬ 
ity,  practically  all  particulate  matter  suspended  in  the 
water  is  subject  to  ingestion  by  one  species  or  an¬ 
other.  This  is  undoubtedly  true  for  the  benthic  feed¬ 
ers  as  well.  Actually  much  of  the  matter  which  passes 
through  the  guts  of  the  consumers  is  reingested  and 
may  be  recycled  over  and  over  again,  perhaps  allow¬ 
ing  microbial  decomposition  and  surface  adsorption 
to  take  place  between  passages. 

Morphological  and  behavioral  adaptations  for  de¬ 
tritus  procurement  are  obvious,  and  it  would  be  a 
remarkable  feat  of  selection  for  most  estuarine  spe¬ 
cies  to  avoid  ingesting  this  material  in  quantity.  Even 
the  most  carnivorous  species  of  the  estuarine  com¬ 
munity  often  take  in  a  certain  amount  of  organic 
detritus  (Darnell,  1938,  1961),  and,  while  they  prob¬ 
ably  derive  little  caloric  value  from  the  small  amounts 
consumed,  the  significance  of  this  material  ;.s  a  source 
of  vitamins  and  other  micronutrients  remains  a  dis¬ 
tinct  possibility.  From  the  nutritional  standpoint  it 
makes  little  difference  whether  the  consumers  ingest 
such  material  through  choice  or  not.  Jdrgcnsen 
(1952)  has  demonstrated  that  the  rate  of  filtration  of 
certain  marine  filter  feeders  is  probably  great  enough 
to  provide  the  animals  with  sufficient  amounts  of  par¬ 
ticulate  food  for  maintenance,  and  the  same  is  true 
for  their  estuarine  counterparts.  Research  supports 
the  conclusion  that  particulate  organic  detritus  is  in¬ 


gested  in  fairly  high  quantities  by  most  estuarine  con¬ 
sumers,  whether  they  are  vertebrate  or  invertebrate, 
large  or  small,  suprabenthic  or  benthic. 

The  actual  nutritive  roles  of  the  particulate  organic 
substrata  have  yet  to  lie  clearly  demonstrated.  A  num¬ 
ber  of  freshwater  species  are  known  to  consume  par¬ 
ticulate  detritus  regularly  ( Poddubnaya,  1961;  Smir¬ 
nov,  1958.  1959a,  b,  1962),  and  laboratory  feeding 
experiments  indicate  growth  and  reproduction  of  cla- 
docerans  maintained  on  detritus  particles  ( Richman, 
1958;  Smirnov,  1962).  Most  estuarine  consumers  and 
most  estuarine  workers  unfortunately  have  not  dis¬ 
tinguished  between  the  decomposing  substrata  and 
the  associated  microbiota.  Several  workers  on  the 
Georgia  salt  marshes  have  noted  the  availability  of 
major  category  of  organic  matter  from  degradation 
of  the  annual  Spartim  crop,  and  some  have  suggested 
the  nutritive  importance  of  this  material  for  the  vari¬ 
ous  consumer  species.  The  actual  pathways  of  con¬ 
sumer  utilization  have  yet  to  be  established. 

In  our  own  studies  on  the  Lake  Pontchartrain  com¬ 
munity,  we  have  been  able  to  demonstrate  that  par¬ 
ticulate  organic  detritus  is  everywhere  abundantly 
available,  that  it  is  ingested  in  quantity  by  zooplank¬ 
ton,  fishes,  and  benthic  invertebrates,  and  that  areas 
of  zooplankton  abundance  are  correlated  with  centers 
of  detritus  abundance  rather  than  with  phytoplankton 
abundance.  Such  results  lead  one  to  suspect  that  nu¬ 
trition  is  derived  therefrom,  but  whether  the  relation 
is  direct  or  indirect  is  not  yet  known. 

Edmondson  (1957)  pointed  out  specific  cautions  in 
the  interpretation  of  such  circumstantial  evidence 
which  might  well  be  reviewed  here: 

1.  The  presence  of  unrecognizable  organic  ma¬ 
terial  in  the  guts  of  zooplankters  does  not  neces¬ 
sarily  indicate  that  they  have  been  feeding  on 
organic  detritus  because  many  phvtoplankters, 
and  especially  small  flagellates,  break  down 
rapidly. 

2.  Low  phytoplankton-zooplankton  ratios  do  not 
necessarily  mean  much  because  the  more  rapidly 
reproducing  phvtoplankters  may  be  kept  at  rela¬ 
tively  low  levels  by  the  grazing  activities  of  the 
zooplankters. 

3.  Much  detritus  in  the  water  may  only  represent 
the  fecal  matter  of  the  zooplankton  which  is 
well  fed  from  the  phytoplankton,  or  it  may  rep¬ 
resent  fecal  matter  forced  from  the  zooplankton 
during  the  process  of  sample  preservation. 

4.  i’i.nikton  is  self-renewing,  whereas  detritus  is 
not.  Hence  the  real  production  rate  of  each  is 
not  revealed  in  ‘‘standing  crop”  estimates. 

Some  of  these  same  general  cautions  may  be  applied 
to  the  benthic  species  as  well. 

Taking  these  considerations  into  account,  there  can 
still  lie  little  doubt  that  in  most  estuaries  particulate 
organic  detritus  is  abundant  and  is  consumed  in  great 
quantities.  In  some  cases,  at  least,  the  substrata  of 
the  particles  appear  to  contain  readily  utilizable  forms 
of  organic  matter,  but  the  critical  feeding  experiments 
have  not  yet  been  carried  out, 
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Nutritive  Role  of  Colloidal  Organic  Material 

From  the  abundance  of  particulate  detritus  in  the 
estuary,  it  may  be  inferred  that  the  level  of  colloidal 
matter  is  also  high,  but,  again,  the  literature  is  in¬ 
complete.  One  may  assume  that  such  material  is  sev¬ 
eral  orders  of  magnitude  higher  than  in  the  ocean 
where  some  measurements  have  been  made.  Many 
invertebrate  species  of  diverse  feeding  mechanisms 
(cilia,  setae,  mucus,  etc.)  are  known  to  be  able  to 
concentrate  colloidal  materials  in  the  digestive  tract 
(Fox  ct  al.,  1953),  and  evidence  suggests  that  fishes 
may  do  likewise  (Allee  and  Frank,  1948,  1949).  In¬ 
creased  survival  and  growth  on  colloidal  diets  have 
been  reported  for  invertebrates  as  well  as  vertebrates 
in  the  laboratory,  but  most  field  studies  have  not 
eliminated  the  possibility  of  microbial  intervention. 

Nutritive  Role  of  Dissolved  Organic  Material 

Little  can  be  added  to  the  presentation  of  Stephens 
(elsewhere  in  this  volume).  I  might  reemphasize, 
however,  the  importance  of  defining  quantitatively  the 
vertical,  horizontal,  and  seasonal  distribution  of  each 
molecular  s|>ecies  within  the  estuarine  waters  and  in 
the  sediment  interstices.  Our  new  knowledge  of  physi¬ 
ological  uptake  mechanisms,  although  quite  exciting, 
is  still  preliminary.  Other  species  and  other  environ¬ 
mental  complexes  must  lie  analyzed  before  broad  gen¬ 
eralizations  are  justified. 

Nutritive  Role  of  the  Microflora 

Many  authors  have  suggested  that  aquatic  organ¬ 
isms  may  be  nourished  wholly  or  in  part  by  bacteria. 
ZoBell  and  Feltham  ( 1942)  reported  that  enormous 
numbers  of  bacteria  are  present  on  marine  mud  flats. 
Although  high  bacterial  populations  have  been  re¬ 
ported  for  some  estuarine  environments,  this  has  not 
been  uniformly  the  case.  Bacteria  tend  to  be  associ¬ 
ated  with  sediments,  exposed  surfaces  of  leaves,  etc., 
and  with  suspended  particles  <  Jannasch,  1954  ).  They 
may  themselves  be  nourished  by  the  substratum  of 
the  detritus  particle  or  by  dissolved  organic  matter  of 
the  medium.  In  some  cases  they  may  act  as  com¬ 
petitors  with  the  larger  consumers,  but  it  is  equally 
true  that  they  may  serve  an  important  function  in 
converting  organic  matter  from  a  relatively  unavail¬ 
able  to  a  relatively  available  form. 

(A  comment  by  Dr.  I'.  Korringa,  after  one 
of  the  lectures  of  this  symposium,  is  perti¬ 
nent  :  A  lecture  was  presented  in  the  “Sym¬ 
posium  on  Living  Molluscs”,  organized  by 
the  Zoological  Society  of  London  on  March 
4-5,  1964.  by  I)r.  R.  C.  Newell  from  West- 
field  College.  Hampstead.  London,  on  the 
topic.  “The  role  of  detritus  in  the  nutrition 
of  llydrobia  ulvac  and  other  deposit  feed¬ 
ers.”  In  his  lecture.  Dr.  Newell  explained 
that  the  snail  llydrobia  feeds  on  detritus  it 
finds  on  the  mud  flat.  The  fecal  pellets  of 
llydrobia  are  virtually  devoid  of  nitrogen 


(i.e.,  proteins),  but  are  still  rich  in  carbo¬ 
hydrates  such  as  cellulose.  If  these  fecal 
pellets  are  kept  for  some  days  in  filtered  sea 
water  the  nitrogen  content  rises  quickly. 

This  is  because  marine  bacteria  develop  on 
the  organic  material  and  produce  bacterial 
protein  utilizing  atmospheric  nitrogen  dis¬ 
solved  in  the  sea  water.  When  such  pellets 
are  reingested  by  llydrobia,  the  snail  readily 
digests  the  bacterial  bodies,  and  the  subse¬ 
quent  fecal  pellets  are  again  free  of  nitrogen, 
but  still  contain  a  fair  quantity  of  carbohy¬ 
drates.  This  process  may  lie  repeated  several 
times.  Apparently  Hydrobia  and  other  de¬ 
posit  feeders  can  readily  digest  proteins  from 
the  bodies  of  microorganisms,  but  cannot 
themselves  digest  such  carbohydrates  as  cel¬ 
lulose.  Bacteria,  on  the  other  hand,  are  ca¬ 
pable  of  utilizing  the  carbohydrates  and  dis¬ 
solved  atmospheric  nitrogen  in  the  produc¬ 
tion  of  bacterial  protein  (Newell,  1964).) 

A  wealth  of  evidence  points  to  the  fact  that  most 
invertebrate  groups  and  some  fishes  are  capable  of 
growth  and  long-term  survival  when  fed  diets  of 
pure  bacteria  (Allee  and  Frank.  1949;  Banta  ct  al., 
1939;  Burbanck,  1942;  Rodina.  1950;  Stuart  ct  al., 
1931  ;  ZoBell  and  Feltham,  1938).  Most  such  experi¬ 
ments  have  been  based  upon  diets  of  the  bacterium 
E.  coli,  and  they  should  be  repeated  with  other 
naturally  occurring  strains  of  bacteria. 

An  interesting  series  of  experiments  carried  out  by 
Soviet  workers  has  recently  been  cited  by  Sorokin 
(1964).  By  bubbling  C14-labeled  methane  gas  through 
an  aqueous  bacterial  suspension,  these  investigators 
were  able  to  obtain  labeled  bacteria.  These  were 
then  fed  to  cladocera.  which,  in  turn,  picked  up  the 
labeled  carbon,  thus  demonstrating  a  food  chain  in¬ 
volving  dissolved  gas,  bacteria,  and  crustaceans.  It 
is  not  clear  from  this  series  of  experiments,  however, 
that  the  methane-oxidizing  bacteria  themselves  were 
the  food  source  of  the  cladocera.  The  methane-oxi¬ 
dizers  may  have  released  identified  C02  into  the  en¬ 
vironment,  where  it  could  have  been  picked  up  by 
another  species  of  bacterium  which  was  subsequently 
ingested  by  the  crustaceans. 

It  must  lie  assumed,  therefore,  that  the  usually 
abundant  estuarine  bacteria  probably  afford  a  consid¬ 
erable  food  source  for  many  consumer  species.  It 
seems  un  justified  to  assume  that  they  arc  the  primary 
or  only  food  source  for  detritus  feeders.  Curiously, 
fungi  which  are  also  sometimes  abundant  appear  not 
to  have  been  investigated  in  relation  to  consumer 
nutrition. 

Nutritive  Roi.e  of  Microfauna 

When  one  examine,  particulate  organic  detritus 
fresh  from  the  estuary,  be  is  impressed  by  the  fact 
that  such  particles  are  often  inhabited  by  myriads  of 
small  invertebrates  (protozoa,  nematodes,  rotifers, 
etc.).  Detritus  feeders  cannot  avoid  ingesting  them 
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along  with  the  particles.  Many  are  probably  nutri¬ 
tious,  but  specific  feeding  experiments  appear  to  be 
lacking. 

CONCLUSIONS 

A  number  of  points  may  summarize  the  present 
state  of  our  knowledge  of  the  role  of  estuarine  or¬ 
ganic  detritus. 

1.  Alsterberg  (1925)  referred  to  the  mud  as  a 
“trophic  environment”,  but  it  is  now  clear  that  the 
whole  aquatic  system  may  be  so  characterized.  Let 
us  face  the  fact  that  the  aquatic  medium  is  really 
vegetable  soup  !  Due  to  the  availability  of  large  quan¬ 
tities  of  dead  protoplasm,  shallow  bottoms,  and  mov¬ 
ing  water,  the  estuary  especially  may  be  thought  of 
as  a  thin  mud  containing  many  nutritious  opportuni¬ 
ties  for  the  consumer  species. 

2.  The  estuarine  environment  has  placed  a  premium 
upon  the  iliophage  (=  detritus  feeder).  As  pointed 
out  by  Darnell  (1958,  1961,  1962,  1964),  these  forms, 
including  both  the  transients  and  the  permanent  resi¬ 
dents,  are  among  the  most  successful  inhabitants  of 
the  estuary. 

3.  Because  of  the  complex  origin  of  organic  detri¬ 
tus  and  because  of  the  associated  microbiota,  all 
larger  detritus  feeders  must  be  considered  omnivores. 

4.  Organic  detritus  represents  a  major  storage, 
transport,  and  buffer  mechanism  for  the  estuarine 
ecosystem:  storage — organic  matter  produced  at  one 
time  is  released  later;  transport — downstream  away 
from  the  point  of  production ;  and  buffer — availability 
during  seasons  of  low  primary  production. 

5.  Relations  with  Lindemanian  trophic  scheme : 

a.  Most  of  the  organic  detritus  is  of  vegetable 
origin. 

b.  Since  few  of  the  larger  estuarine  consumers 
feed  upon  vegetation  alone,  the  real  primary 
consumers  of  the  community  are  the  micro¬ 
bial  species  (decomposers). 

c.  Some  energy  is  lost  in  passage  through  the 
microbial  scheme,  although  it  remains  to  be 
demonstrated  what  the  trophic  efficiency  of 
microbes  may  be. 

d.  Since  most  of  the  larger  consumers  of  the 
estuarine  community  are  omnivores,  their 
relative  trophic  positions  can  he  assigned 
only  bv  determining  the  percentage  of  con¬ 
tribution  of  energy  from  each  food  source. 

It  must  be  concluded  that  the  estuarine  community 
is  one  of  the  most  complex  known  to  mankind,  and 
this  is  largely  because  of  the  prevalence  of  organic 
detritus.  Elaboration  of  all  the  nutrient  pathways  will 
he  an  undertaking  of  some  magnitude.  Fortunately, 
the  number  of  major  contributing  species  appears  to 
lie  reasonably  low,  and  many,  such  as  Zostcra,  Spar- 
tina,  etc.,  have  a  worldwide  distribution.  Even  so. 
the  tasks  of  elaborating  pathways  of  biochemical 
degradation  and  of  investigating  the  ecological  role 
of  each  intermediary  product  should  occupy  research¬ 
ers  for  some  years  to  come. 


Author's  Note:  This  paper  is  Contribution  No.  10  from 
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Particulate  Organic  Detritus  in  a  Georgia  Salt  Marsh-Estuarine  Ecosystem 
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In  Georgia  estuaries  which  are  dominated  by  Spar- 
tina  alterniflora  marshes,  organic  detritus  is  the  chief 
link  between  primary  and  secondary  productivity,  be¬ 
cause  only  a  small  portion  of  the  net  production  of 
the  marsh  grass  is  grazed  while  it  is  alive.  The 
major  energy  flow  between  autotrophic  and  hetero- 
trophic  levels  is  by  way  of  the  “detritus  food  chain”, 
rather  than  through  the  “grazing  food  chain”  (Odum, 


1962,  1963;  Odum  and  de  la  Cruz,  1963;  Teal,  1962). 
Seven  aspects  of  detritus  are  being  studied  in  the 
extensive  salt  marshes  and  estuaries  that  lie  between 
Sapelo  Island  and  the  -mainland  of  Georgia:  (1)  the 
seasonal  picture  of  the  standing  crop  of  detritus  in 
the  water  of  tidal  creeks :  (2)  the  distribution  of  size 
and  the  composition  of  detritus  particles;  (3)  the 
tidal  transport  of  detritus  in  and  out  of  a  ten  hectare 


Fig.  1.  Aerial  photograph  of  U«e  study  area  showing  the  creek  at  the  ernter  of  the  picture  and  the  Sportino 
marshes  it  drains.  Small  lateral  tributaries  of  the  creek  interconnect  with  branches  of  other  creeks  at  right  and  top. 
Light  areas  along  the  edges  of  the  creek  outline  the  tall  and  medium  Spartma  marshes  while  the  dark  areas  between 
the  larger  creeks  are  the  short  S>ortiiM  high  marsh.  At  the  left  of  the  picture  is  the  Duplin  River,  a  large  tidal 
channel  running  parallel  to  Sapelo  Island,  a  small  portion  of  which  may  be  seen  at  the  top  right  corner. 
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Fig.  2.  Mouth  of  the  tidal  creek  study  area,  showing 
tall  Spartina  grass  at  high  (A)  and  low  (B)  tide  levels 
during  a  neap  tide.  During  spring  tides,  the  creek  is 
almost  dry  at  low  water  and  the  tall  grass  is  practically 
submerged  at  high  water.  The  temporary  weir  seen  across 
the  creek  was  used  to  trap  dead  floating  Spartina  stalks 
to  determine  net  transport  of  large  floating  organic  detri¬ 
tus.  The  main  sampling  station  is  located  in  the  immediate 
foreground. 

marsh  area  which  is  drained  by  a  single  small  crock ; 
(4)  the  origin  of  the  particles;  (5)  the  decomposition 
of  marsh  grass  in  nylon  “litter  bags”  placed  at  dif¬ 
ferent  tide  levels  in  the  field;  (6)  the  nutritive  values 
of  liilTerent  age  and  size  components;  and  (7)  the 
metabolism  of  detritus  particles.  The  principal  study 
area  is  shown  in  the  aerial  photograph  of  Figure  1. 
The  mouth  of  the  main  creek  under  study,  the  tall 
Spartina  grass,  and  the  high  and  low  tide  levels  under 
neap  tidal  conditions  are  shown  in  Figure  2.  The 
chief  sampling  station  was  located  just  outside  the 
tem|M>rary  weir  shown  in  the  foreground  of  Figure  2. 

MKTHODS 

Sus|>ended  particles  were  separated  into  size  classes 
m  this  way :  know  n  volumes  of  water  were  strained 
successively  through  a  No.  0  plankton  net  (  74  meshes' 
inch  ;  0.239  mm  a|>erturc),  a  No.  25  net  <200  meshes 
inch;  0.064  mm  aperture),  and  a  HA  inilli[iore  filter. 
Particles  retainer!  by  the  No.  6  net  were  labeled 
"coarse  fraction”,  particles  strained  by  the  No.  25 


net,  “fine  fraction”,  and  particles  collected  by  the 
membrane  filter,  the  "nanno  fraction”.  Dry  weight 
and  ash-free  dry  weight  (loss  on  ignition  at  550*  C. 
after  one  hour)  were  determined  for  each  fraction. 
The  number  of  particles  (counted  in  a  45  X  45  X  10 
mm  chamber  with  5  mm2  grids)  was  also  determined 
for  the  net  fractions.  The  metabolic  rate  of  detritus 
samples  was  determined  in  the  laboratory  as  follows : 
net  fractions  were  resuspended  in  millipore-filtered 
water  while  the  filtrate  was  saved  for  the  nanno  frac¬ 
tion.  All  three  fractions  were  collected  on  millipore 
filters  which  were  then  placed  in  filtered  water  in  300 
ml  bottles.  After  shaking  to  redisperse  particles,  the 
bottles  were  incubated  in  the  dark  at  29.5,  19.5,  and 
9.5*  C.  (representing  the  range  of  seasonal  tempera¬ 
ture  of  the  study  area)  for  6,  12,  and  18  hours  re¬ 
spectively.  Dissolved  oxygen  consumption  was  de¬ 
termined  by  the  Winkler  method. 

To  obtain  an  estimate  of  the  exchange  of  detritus 
between  the  marsh  and  the  tidal  creek  (Figs.  1  and 
2),  water  samples  were  collected  at  the  mouth  of  the 
creek  every  hour  for  12  hours  starting  at  either  high 
or  low  slack  water.  It  was  estimated  that  the  creek 
drains  ten  hectares  of  marsh  at  neap  tidal  levels  and 
24  hectares  at  spring  tidal  levels.  Current  velocity 
measurements  and  cross-sectional  area  of  the  creek 
were  estimated  as  a  basis  for  calculating  exchange  of 
detritus  between  the  marsh  and  the  estuarine  creek 
system. 

The  decomposition  rate  of  four  species  of  marsh 
plants  was  determined  by  enclosing  plant  samples  in 
litter  bags  of  nylon  net  (2.5  mm  mesh)  which  were 
placed  at  various  tide  levels  in  the  marsh. 

The  successive  decomposition  stages  of  Spartina 
grass  collected  in  the  field  for  nutritive  analyses  were : 
living  Spartina,  dead  standing,  floating  dead,  decom¬ 
posed  samples  in  litter  bags,  and  coarse,  fine,  and 
nanno  fractions  of  suspended  detritus.  The  analyses 
were  carried  out  bv  Law  and  Company,  Atlanta. 
Georgia. 

Table  1.  Suspended  particulate  detritus  in  mg  dry 
weight  per  liter  at  mid-tidal  levels  at  the  mouth  of  a 
small  tidal  creek  draining  a  Spartina  salt  marsh  at 
Sapelo  Island.  Georgia.  Kach  is  based  on  two  sam¬ 
ples  taken  on  different  days. 


Spring  Neap 


Season 

Title 

levels 

Total 

Ash¬ 

free 

Total 

Ash¬ 

free 

Summer 

Mid-flood 

35.44 

6.59 

21.28 

5.12 

Mid-ebb 

112.41 

2075 

32.47 

6.59 

Fall 

Mid-flood 

4172 

736 

24.80 

6.72 

Mid -ebb 

110  32 

1650 

57.92 

1354 

Winter 

Mid-flood 

29.82 

5.68 

10.68 

199 

Mid -ebb 

7177 

10.10 

36  91 

3.90 

Mean 

Mid-flixxl 

35.66 

6.54 

18.92 

461 

Mid-ebb 

98.17 

1578 

42.43 

8.01 
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RESULTS 

Standing  Crop  and  Size  Distribution  of  Detritus 

Table  1  compares  the  standing  crop  of  suspended 
particulate  matter  at  mid-flood  and  mid-ebL  tidal 
levels.  The  greater  amount  at  the  mid-ebb  level  at 
all  seasons  is  indicative  of  the  net  export  of  detrital 
material  from  the  marsh,  especially  since  the  velocity 
of  the  water  is  greater  at  the  mid-ebb  than  the  mid- 
flood  level. 

The  standing  crop  of  2-20  mg  ash-free  dry  organic 
matter  per  liter  is  much  greater  than  that  reported 
for  open  sea  water,  or  such  fertile  locations  as  Plym¬ 
outh  Bay  and  Long  Island  Sound,  where  particulate 
organic  matter  is  approximately  1-3  mg/l  (Arm¬ 
strong  and  Atkins,  1950;  Riley,  1959;  Corner,  1961; 
Cowey  and  Corner,  1963). 

We  do  not  yet  have  sufficient  data  to  determine  the 
extent  of  seasonal  differences.  We  can  say,  however, 
that  organic  detritus  is  being  produced  and  exported 
at  all  seasons. 

The  percentage  of  organic  matter  content  of  the 
various  fractions  photographed  (Fig.  3)  revealed  that 
coarse,  fine,  and  nanno  fractions  made  up  1,  4,  and 
95  percent  respectively.  It  appeared  then  that  the 
highly  decomposed,  unrecognizable  na.  no  fraction 
might  be  of  the  greatest  importance. 

COMPOSITION  AND  ORIGIN 

Microscopic  analysis  of  net  seston  composition  re¬ 
vealed  a  high  percentage  of  detritus  particles.  The 
mean  values  (Table  2)  showed  that  about  90  percent 
of  total  seston  was  net  detritus  and  only  about  10 
percent  net  plankton.  More  organic  detritus  was 
present  during  the  mid-ebb  flow  which,  again,  strongly 
suggested  a  net  exixirt  of  organic  material  to  the 
estuarine  system.  Plankton  density  was  also  greater 
at  mid-ebb  than  mid-flood  even  though  the  percentage 
composition  was  lower  (Table  2),  indicating  that  the 
marsh  was  exporting  plankton,  but  not  as  much  as 
detritus.  Much  of  the  phytoplankton  coming  out  of 
the  marsh  may  be  of  lienthic  origin  (Williams,  1962). 
The  ratio  of  zooplankton  to  phytoplankton  ( in  terms 
of  numbers)  was  approximately  1  ;3  at  mid-ebb  and 
1  : 4  at  mid-flood. 

Even  though  the  total  seston  is  much  lower  in  most 
coastal  seas,  and  especially  in  the  ocean,  than  in 
Sapelo  estuaries,  detritus  seems  to  make  up  a  large 
l>ercontage  of  seston  in  marine  waters  in  general 
(  Krey,  1961 ;  Riley,  1963 ;  Strickland.  19631. 

Table  3  gives  three  estimates  of  the  percentage  of 
net  detritus  originating  from  Sf>arlina,  algae,  and  ani¬ 
mals.  Almost  95  percent  of  these  larger  suspended 
particles  originated  from  decaying  Sparlina  grass 
Algal  detritus  consisted  mostly  of  broken  pieces  of 
large  diatom  shells  and  dinoflagcl'ate  cases.  Animal 
detritus  included  fragments  of  crustacean  integument, 
pieces  of  chitinous  appendages,  fragments  of  moilus- 
can  shell,  scabs  of  fish,  fecal  pellets,  shells  of  ostra- 
cods  and  foraminiferans,  pieces  of  insect  wings,  bits 
of  mammalian  hair,  bird  feathers,  etc. 


Fig.  3.  Photomicrographs  of  detritus  particles  collected 
from  the  salt  marsh  tidal  crerx.  A — "Coarse  Detritus" 
collected  with  a  coarse  net  (74  meshes  inch;  0.239  mm 
aperture),  approximately  90x.  B— "Fine  Detritus"  col¬ 
lected  with  an  extra  hue  net  ( 200  meshes  inch ;  0.064 
mm  aperture), approximately  70x.  C--"Nanno  Detritus", 
aggregates  of  highly  decixnposcd  particles  sedimented 
from  water  previously  strained  throsigh  the  extra  fine  net, 
approximately  H0X. 
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Table  2.  Numerical  composition  of  net  seston  in  estuarine  waters  collected  at  the  mouth  of  a  small  tidal 
creek  at  mid-tidal  levels. 


Total  number 

seston  par-  Detritus  I'hvtoplankton  Z.»platiktnu 

Tidal  tkles  per  --  - 


Dates  level  liter  No.  'I 


6/20/63 

Mid-flood 

3,148 

2.984 

Mid -ebb 

28.65J 

28.452 

7/3/63 

Mid-flood 

1.625 

1278 

Mid-ebb 

5,411 

5,065 

7/29/63 

Mid-flood 

1305 

1,518 

Mid-ebb 

7242 

6,952 

9/26/63 

Mid-flood 

1,169 

960 

Mid-ebb 

2,928 

2293 

10/1/63 

Mid-flood 

18,128 

16,170 

Mid-ebb 

71,196 

69,914 

11/22/63 

Mid-flood 

5258 

4,950 

Mid -ebb 

32264 

31254 

Mean 

Mid-flood 

5,185 

4,660 

Mid -ebb 

24,615 

24,038 

Tidal  Transport 

Smoothed  curves  (Fig.  4)  are  typical  of  a  number 
of  measurements  of  tidal  transport  for  both  spring 
and  neap  tides.  As  would  he  expected,  spring  tide 
transport  of  water,  total  particulate  matter,  and  ash¬ 
free  organic  matter  greatly  exceeded  that  of  neap  tide. 
The  maximum  rate  of  discharge  from  the  marsh  oc¬ 
curred  at  the  mid  ebb  level,  which  was  about  2-3 
hours  after  the  high  slack  water. 

A  preliminary  calculation,  based  on  data  in  Figure 
4,  resulted  in  an  estimated  net  export  of  about  140  kg 
and  25  kg  of  organic  matter  for  spring  and  neap  tides, 
respectively,  from  the  10-25  hectare  marsh  area  in 
one  tidal  cycle. 

Decomposition  or  Marsh  Plants 

Figure  5  traces  the  rate  of  deconii>osition  of  four 
species  of  marsh  plants  and,  for  coni|>arison.  decom¬ 
position  of  animal  biomass  (  Fiddler  crabs.  IV  •  fug- 
mtx  ).  The  curves  are  based  on  the  mean  weight  loss 
of  two  litter  liags  for  Pistuhtis,  June  us,  ami  Sal i- 
carnia,  nine  hags  for  Sfartma,  am!  three  hags  for 
L  ea.  The  litter  tags  were  staked  down  in  the  marsh 
at  the  same  tidal  levels,  where  rach  s|ievies  occurred 
naturally.  After  300  days,  residues  expressed  as  the 
percentage  of  initial  dry  plant  tissue  were:  Pishtk- 
I is  -  47  jierccot.  Junius  -  <>  percent.  Solici’rma  - 
6  jiercent.  and  Sfartimt  -  42  percent.  (Yu  decom¬ 
posed  completely  after  ahou!  INI  ilays  in  the  held. 

It  may  he  pointed  out  that  "dead  standing'’  plant 
material  was  placed  in  the  tags  to  simulate  the  stage 
when  the  detritus  formation  hrgins  in  nature  The 
dcconttmstlion  curves  indicate  the  rate  of  release  into 
the  water  of  vduhlc  material  and  particle*  small 
enough  to  pass  through  the  2.5  mm  mesh  nylon  litter 
bags. 


No.  1 

r/c 

No  1 

(“r 

94.8 

104 

33 

60 

1.9 

993 

115 

0.4 

86 

0.3 

84.8 

219 

13.5 

28 

1.7 

93.6 

271 

5.0 

76 

14 

84  1 

218 

12.1 

69 

38 

96.0 

217 

3.0 

73 

1.0 

82.1 

134 

11  5 

75 

64 

782 

477 

163 

158 

54 

892 

1,722 

95 

236 

13 

982 

1,068 

1.5 

214 

03 

945 

267 

5.1 

21 

0.4 

978 
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12 

323 

1.0 

899 

444 

8.5 

81 

16 

97.7 

422 

1.7 

155 

06 

Nutritive  Vai.ue  or  Detritus 

The  |>ercciitagc  of  protein,  fat.  crude  tiher,  and 
nitrogen-free  extract  of  Sfurtina  grass  and  detritus 
are  comparctl  in  Figure  <>,  as  a  preliminary  analysis 
tased  on  single  large  |ioo!cd  samples  of  each  item. 
Although  the  small  sus|>ended  particles  were  70-80 
percent  ash,  the  organic  nutter  in  them  proved  to  be 
rich  in  protein,  up  to  24  percent  on  an  ash-free  tasis 
as  coni|urcd  with  10  percent  in  living  grass  and 
(>  percent  in  dead  grass,  as  it  entCT*  the  water.  A 
buildup  of  microbial  ;>opulations  is  presumed  to  ac¬ 
count  for  the  enrichment  of  decomposing  Sfurtina 
Thus,  detritus  rich  in  bacteria  may  be  a  better  food 
source  for  animals  than  the  grass  tissue  that  forms 
the  base  for  most  of  the  particulate  nutter. 

Metabolism  or  Detritus 

Hie  results  of  oxvgeti  consumption  measurements 
of  the  three  mxc  fras turns  of  detritus  at  three  tern 
|>eratiirrs  are  Minima n/rd  m  Figure  7.  The  9  5  to 
-V5*  t'.  range  approxmutes  the  seasonal  range  of 
teni|>crattire»  in  Sat*elo  waters.  Milliliters  of  O.  hr 
were  calculated  in  trrmv  of  fresh  weight  of  detritus 
and  ash  tree  dry  weight  ‘  i  r,  actual  organic  matter  i 
Ana',  si*  of  variaiK-e  indicates  that  both  sixe  and 
tmi|>erature  have  a  highly  significant  effect  on  the 
weight— specific  oxygen  consumption.  The  rate  of 
oxsgen  cunsumpt ion  of  nanno  detritus  proved  to  br 
hve  to  six  times  greater  than  that  of  coarse  net  detri 
ttis.  A  rate  of  metaholiwn  of  10  ml  O.  gni  ash  free 
dry  weight  is  comparable  to  the  respiration  rate  of 
zooplankton.  The  results  of  the  metabolism  measure 
mmti  provulc  further  evidence  of  the  importance  of 
microbial  activity  in  determining  the  important  role 
played  hy  detritus  in  the  ecology  of  estuaries.  The 
su*[<T»drd  particles  are  by  no  means  “dead"  or  "inert'* 
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bodies,  and  the  detritus  particles  and  the  attendant 
microorganisms  make  up  a  highly  active  heterotrophic 
micro-ecosystem. 

SUMMARY 

Kstuaries  in  (.Georgia  dominated  by  Spartna  alien i- 
flora  marshes  have  organic  detritus  as  the  chief  link 
lietween  primary  ami  secondary  productivity,  since 

Table  3,  Percentage  of  detritus  (articles  originat¬ 
ing  from  three  major  sources  as  determined  by  micro¬ 
scopic  examination  of  three  samples  of  the  net  frac¬ 
tions  strained  from  tidal  creek  water. 


Date 

Trial 

level 

Sparlma 
altrrni- 
ftora 
(  Macriv 
(ihvtic) 
(%) 

Algae 
l  Macro- 
phytic) 

( 5e  l 

Animals 
( Zook ) 
1^) 

6  20  63 

7  3  63 

7  26  63 

Mid-flood 
Mel -ebb 
Mi<l-rbb 

977 

90  5 

934 

2.0 

76 

4.5 

0.3 

16 

2! 

Mean 

939 

48 

13 

TIDAL 

TRANSPORT 

I  ig  4  t-«ntwrw  «  <4  trial  ttait>;»4t  (fating  iront 
ar^l  nra|>  It ‘al  pivawi  Unoto  rr{4c  xrh  faiuft  *4  trial 
<»tle  after  high  watrr  iHW)  to  »>1  after  k<«  mater 
i  I  AY  I  TI’M  T-Wa!  jvaMaruSatr  matter.  ?"t'M 

1‘artKttUte  '»t«w  matter 


only  a  small  |>ortion  of  the  net  production  of  the 
maish  grass  is  grazed  while  it  is  living.  Seven  as¬ 
pects  of  detritus  are  being  studied  at  the  University 
of  (Georgia  Marine  Institute  at  Sapelo  Island:  (I)  the 
seasonal  picture  of  the  standing  crop  of  detritus  in 
water ;  12)  size  distribution  and  composition  of  detri¬ 
tus  particles:  (3 1  tidal  trans|>ort  of  detritus  in  and 
out  of  a  ten  hectare  marsh  area  drained  by  a  single 
small  creek:  i4»  origin  of  the  particles:  (5)  decom¬ 
position  of  marsh  grass  in  nylon  litter  hags:  (6) 
nutritive  values  of  different  age  and  size  components; 
and  (7)  metabolism  of  detritus  (articles. 

In  creeks  draining  Sapeto  marshes,  organic  detritus 
ranges  from  2  mg  I  at  mid-flood  tide  to  20  mg 'I  at 
mid-ebb  tide,  and  makes  up  about  90-99  percent  of  the 
total  seston.  The  small  suspended  particles  are  70-80 
percent  ash,  but  the  organic  portion  is  rich  in  protein, 
up  to  24  percent  on  an  ash-free  basis,  as  compared 
with  10  percent  in  living  grass  and  only  6  percent  in 
dead  grass  as  it  enters  the  mater.  Oxygen  consump¬ 
tion  i  B  O  D  i  (ier  gram  is  more  than  five  times  as 


t  ig  5  ( V- ■»n;»«si1r«t  tarn-  f*;iT»*cd  a>  fmmtage  •< 

rrsrlw  f  irju.il  >tr«  » right  *W  uni|4r«  < 4  dr*)  n  1 1  il  I  m 1 1 
of  f-ag  ipmn  4  salt  maish  pfaMi  » /'ns* A-u.  /amu 
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Fig.  6.  The  nutritive  composition  of  successive  stages 
of  decomposition  of  Spar  lino  marsh  grass,  showing  in¬ 
crease  in  protein  and  decrease  in  carbohydrate  with  in¬ 
creasing  age  and  decreasing  size  of  detritus  particles. 


great  in  “nanno  detritus”  (that  which  passes  through 
a  No.  25  net — 200  meshes  per  inch;  0.064  mm  per 
aperture)  as  compared  with  coarse  detritus  (that  re¬ 
tained  by  a  No.  6  net — 74  meshes  per  inch;  0.239  mm 
per  .aperture)  indicating  increasing  microbial  activity 
with  age.  The  nanno  fraction  comprises  95  percent  of 
the  total  particulate  organic  matter.  Thus,  the  bac- 
teria-rich  detritus  is  nutritionally  a  better  food  source 
for  animals  than  is  the  Spartina  tissue  that  forms  the 
original  base  for  most  of  the  particulate  matter. 

Authors'  Note:  This  paper  is  Contribution  No,  118 
from  the  University  of  Georgia  Marine  Institute. 
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Fig.  7.  Oxygen  consumption  of  the  three  size  fractions 
of  detritus  under  constant  temperature  conditions  in  dark¬ 
ness  in  the  laboratory.  Means  for  each  size-temperature 
category  (10  replications)  arc  shown  in  the  table  and 
temperature-respiration  rate  (in  terms  Os/gm  ash-free) 
curves  are  shown  in  the  graph.  F  values  for  analysis  of 
variance  are  shown  below  the  table.  Both  temperature 
and  si~c  affect  Os  consumption  to  a  highly  significant 
degree  at  the  99  percent  level. 
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Detritus  in  the  Ocean  and  Adjacent  Sea 

JOHANNES  KREY 
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Since  the  classical  work  of  Lohmann  (1908)  the 
<|iiestion  of  the  role  of  detritus  as  food  for  filter-feed¬ 
ing’  organisms  of  the  sea  has  arisen  repeatedly.  Com¬ 
prehensive  literature  has  now  been  published  on  the 
detritus  of  both  fresh  water  and  the  sea.  A  consider¬ 
able  part  of  it  is  included  in  recent  reviews  ( Krey, 
1061  :  ('arsons,  1963).  New  observations  on  the  quan¬ 
tity  of  detritus  in  the  ocean  are  presented  in  this 
paper.  The  question  of  the  role  of  detritus  in  me¬ 
tabolism  is  deferred.  l>ccause  a  clarification  of  the 
nutritive  value  of  detritus  is  not  available. 

METHODS  OF  ANALYSIS 

The  methods  for  determining  detritus  are  varied 
and  include  methods  relying  exclusively  on  micro¬ 
scopic  observations  and  countings  as  well  as  purely 
chemical  and  combined  microscopic-chemical  methods. 
The  pure  microscopic  observations  have  the  disad¬ 
vantage  of  being  too  slow;  an  experienced  observer 
can  count  and  measure  no  more  than  two  samples  a 
day.  All  three  dimensions  of  a  single  detritus  particle 
should  lie  measured,  because  calculations  of  volume 
based  on  the  two-dimensional  form  of  the  detritus 
particle  are  subject  to  error.  The  pure  chemical 
methods  have  the  advantage  of  permitting  an  analysis 
of  a  large  numltcr  of  samples  per  day  with  a  com¬ 
paratively  small  amount  of  equipment.  Chemical 
methods  arc  based  on  two  different  processes.  In 
one.  the  dry  weight  of  the  total  pa.ticulatc  matter 
collected  on  a  fdter  is  determined.  From  this  par¬ 
ticulate  substance  the  content  of  chlorophyll  can  be 
determined  (Parsons,  1963),  and  the  proportion  of 
living  matter  calculated  (assuming  that  the  zooplank¬ 
ton  and  bacteria  amount  to  only  a  small  share).  The 
quantity  of  detritus  is  obtained  as  the  difference  be¬ 
tween  the  total  dry  weight  and  the  dry  live  weight. 
In  the  other  process  the  amount  of  living  matter  can 
Ite  determined  by  the  biuret  method  (Krey  ct  al., 
1937 )  by  means  of  variable  conversion  factors,  rang¬ 
ing  between  2.5,  for  pure  dinoflagellates  and  zooplank¬ 
ton,  and  5.0  for  pure  diatomaceous  plankton.  One 
can  also  calculate  the  content  of  detritus  by  finding 
the  difference.  These  two  methods  are  uncertain  be¬ 
cause  only  average  conversion  factors  are  used. 

A  third  group  of  methods  combines  the  micro¬ 
scopic  and  chemical  processes  by  determining  the 
total  weight  of.  the  particular  substance  and  ascer¬ 
taining  the  living  proportion  of  the  particulate  mat¬ 
ter  by  microscopic  examination  of  the  numlwr  and 
size  of  phyto-  and  zooplankton.  The  quantity  of 


detritus  is  then  calculated  by  finding  the  difference. 
This  last  group  of  analyses  has  been  enhanced  by  a 
photomicrographic  method,  in  which  the  content  of 
phyto-,  zooplankton,  and  detritus  can  be  determined 
by  means  of  a  particle-size  analyzer.  Until  recently, 
microscopic  and  microscopic-chemical  determination 
of  detritus  have  not  permitted  evaluation  of  the  popu¬ 
lation  of  bacteria  on  detritus,  though  the  group  is  of 
primary  importance  in  all  questions  concerning  the 
metabolism  in  the  sea. 

RESULTS  AND  DISCUSSION 

During  our  work  in  IGY  1958,  supported  by  the 
Deutsche  Forschungsgemeinsehaft,  we  were  able  to 
collect  and  examine  1,600  water  samples  from  the 
northern  North  Atlantic  for  detritus  content  (  Fig.  1  )• 
These  samples  were  taken  largely  in  the  surface  layer 
from  0-200  ni,  although  deeper  water  layers  were 
also  sampled  (530,  1,530,  and  4,000-5,000  m).  The 
chemical  method  was  employed  in  the  analyses. 

The  results  are  summarized  in  Figure  2,  based  on 
observations  made  during  late  winter  and  late  sum¬ 
mer.  The  mean  values  indicate  that  an  extraordi¬ 
narily  high  percentage  of  total  particulate  matter  is 
found  as  detritus  in  late  winter,  as  well  as  in  late 
summer.  A  high  percentage  of  total  particulate  mat¬ 
ter  was  found  at  depths,  as  expected,  but  also  at  the 
surface  and  in  the  surface  layer.  It  appears  that  at 
most  20-30  percent  of  the  total  particulate  matter  is 
found  as  living  substance,  although  it  is  generally 
less.  These  diagrams  suggest  the  important  role  of 
detritus  in  the  metabolism  of  the  ocean,  especially  if 
one  accepts  the  theory  that  detritus  acts  as  an  ad¬ 
sorber  of  dissolved  organic  matter,  found  in  this  area 
in  the  quantity  of  0.2-2  mg  C/I  (Duursma,  1960). 

The  mean  values  have  been  further  divided  into 
separate  areas  (Table  1),  which  appear  to  be  of 
special  interest  for  productivity.  We  have  differenti¬ 
ated  calm  areas,  where  only  a  small  oceanic  upwelling 
must  be  taken  into  consideration,  from  oceanic  areas 
where  there  is  an  increased  upwelling  of  deep  water 
and,  consequently,  an  increase  in  primary  production 
can  be  expected.  The  core  areas  situated  within  the 
Gulf  Stream,  in  which  there  is  only  a  small  direct 
exchange  of  water  from  the  depths,  are  also  differ¬ 
entiated.  In  Table  1  examples  are  given  of  the  mean 
values  of  the  concentration  of  living  substance  and 
detritus  for  different  depths.  In  the  core  area  the 
proportion  of  living  material  in  the  upper  50  m  is 
found  to  be  more  than  50  percent  of  the  total  particles. 
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Fig.  2.  Average  depth  distribution  of  detritus  in  late 

winter  and  in  late  summer  in  the  northern  North  Atlantic. 


indicating  a  lower  content  of  detritus.  The  absolute 
value  for  living  substances  varies  considerably  in  all 
areas.  These  examples  of  single  groups  of  stations 
are  presented  to  suggest  the  very  heterogeneous  dis¬ 
tribution  of  detritus,  hut  are  also  applicable  to  the 
vertical  distribution  of  detritus. 

In  June,  1960.  Korte  (1962,  unpublished  manu¬ 
script)  investigated  the  vertical  distribution  of  detri¬ 
tus  in  tlie  area  between  the  Faroe  Islands  and  Iceland 
(Table  2)  using  a  pure  microscopic-photographic 
method.  He  found  a  relatively  high  concentration  of 
detritus.  The  mean  particle  volume  increased  from 
80  p3  at  the  surface  to  159  /i3  at  394  rn  and  diminished 
to  134  fi3  in  476  m.  The  weight  of  detritus  (deter¬ 
mined  chemically)  is  in  relatively  good  agreement 
with  that  counted  and  measured  microscopically  as¬ 
suming  a  specific  weight  of  1.00. 

Earlier  Hagmeier  (1960)  determined  the  content 
of  detritus  in  the  area  around  Iceland,  based  on  a 
combined  microscopic-chemical  method.  In  the  ex¬ 
ample  chosen  here  (Fig.  3)  a  very  high  percentage 
of  the  total  particulate  matter  for  surface  samples, 
mostly  more  than  60  percent,  was  found  to  be  detritus. 
A  considerable  part  originated  from  offshore  areas 


following  the  spring  bloom  of  phytoplankton.  The 
surface  waters  contained  a  mean  weight  of  seston, 
ranging  between  0.4-2.0  mg/l ;  about  0.2-1. 8  mg  rep¬ 
resented  detritus.  Hagmeier  observed  that  the  pro¬ 
portion  of  detritus  increased  considerably  in  deeper 
water  layers,  although  its  absolute  quantity  remained 
the  same  or  even  decreased. 

In  a  study  on  the  content  of  seston  and  plankton  in 
the  Indian  Ocean.  Hagmeier  (1964)  reported  similar 
high  values  for  the  areas  west  and  northwest  of  Aus¬ 
tralia,  where  certainly  no  coastal  influences  are  to  be 
expected.  He  employed  the  pure  chemical  method  in 
evaluating  the  different  components  and  his  results 
were  similar  to  those  already  reported  for  the  North 
Atlantic  Ocean.  Figure  4  summarizes  his  observa¬ 
tions  to  a  depth  of  500  m.  Here  it  is  again  evident 
that  detritus  in  the  surface  layer,  with  only  a  few 
exceptions,  constitutes  more  than  50  percent  of  the 
total  particulate  matter.  The  absolute  values  are  con¬ 
siderably  lower  than  those  found  in  the  northern 
North  Atlantic.  Hagmeier's  detritus  values  range  be¬ 
tween  44  and  96  j»g/l,  with  a  maximum  of  105  /ig/1 
living  substance.  This  comparatively  low  value  can 
be  explained  by  the  trophic  condition  of  the  area  dur¬ 
ing  the  time  the  observations  were  made.  It  might  be 
expected  that  this  value  would  be  considerably  higher, 
and  perhaps  even  lower,  during  other  seasons. 

Only  portions  of  the  detritus  distribution  have  been 
studied  closely,  but  it  is  without  doubt  that  annual 
detritus  cycles  can  be  expected  in  most  parts  of  the 
ocean  and  adjacent  seas.  We  do  have  some  knowl¬ 
edge  of  such  cycles  in  the  adjacent  seas,  but  in  the 
oceanic  environment  only  a  few  data  are  available 
on  annual  cycles  of  specific  biological  components  and 
environmental  factors,  largely  from  the  basic  investi¬ 
gations  of  primary  production  near  Bermuda  (Men- 
zel  and  Ryther,  1960).  Recently,  seasonal  observa¬ 
tions  on  biological  and  environmental  parameters  over 
a  distance  of  24'  were  carried  out  in  the  Indian  Ocea  • 
by  <a  team  of  Australian  scientists  during  cruises 
aboard  the  Australian  vessel.  “Diamantina”.  These 
studies  .also  indicate  considerable  seasonal  differences. 
As  far  as  1  know  no  previous  measurements  on  the 


Table  1.  Mean  values  for  detritus  and  living  substance  (as  dry  material)  in  pgl  (IGY  1958). 


Depth 

m 

Calm  areas 

►ns 

157 

Border 

Depth 

m 

ing  ar 

eas  (west  side) 

Depth 

ni 

Core 

areas 

. 

Static 
147  - 

Stations 

210,211 

Stations 
212  -  215 

No. 

Living 
sub¬ 
stance  Detritus 

No. 

Living 

sub¬ 

stance 

Detritus 

No. 

Living 
sub¬ 
stance  Detritus 

10 

7 

200 

i: 

10 

1 

80 

40 

10 

1 

100 

40 

20 

4 

135 

2<i.s 

30 

1 

90 

80 

20 

2 

65 

65 

30 

1 

80 

110 

35 

1 

215 

75 

30 

1 

1 

90 

40 

40 

1 

80 

50 

100 

2 

32 

28 

40 

2 

35 

50 

530 

2 

15 

55 

100 

4 

100 

0 

100 

9 

105 

5 

1,530 

1 

20 

40 

530 

4 

24 

9 

520:7 — ► 

45 

96 

1,530 

V 

23 

2 
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Table  2.  Mean  vertical  distribution  of  detritus  in 
the  area  between  Faroe  Islands  and  Iceland  in  June, 
1960  (From  Kbrte,  1962). 


Mean 

values 

of  depth 
.n 

No.  of 
samples 

Volume 

of 

detritus 

min'/l 

Mean 

volume 

of 

particle 

#** 

Weight  of 
detritus 
(dry 

material ) 
mg/I 

0 

50 

0.78 

88 

1  10 

4 

21 

0.77 

78 

49 

12 

0.63 

91 

1.10 

107 

8 

0.83 

104 

180 

20 

0.57 

100 

0.76 

296 

6 

0.43 

130 

394 

9 

0.38 

159 

0.68 

476 

11 

0.32 

134 

0.55 

annual  cycle  of  the  content  of  detritus  are  available. 
During  a  six-year  period  (1958-1963)  the  cycle  was 
followed  in  Kiel  Bay  at  two  different  stations  (Krey, 
1964).  For  a  water  depth  of  28  m  (Fig.  5c)  the 
average  result.,,  obtained  by  the  pure  chemical  method, 
are  summarized  for  this  period  of  observation.  The 
conversion  factors  used  provided  minimum  and  maxi¬ 
mum  values,  but  there  is  comparatively  little  devi¬ 
ation.  There  is  a  considerable  shift  in  the  maxima, 


in  contrast  to  the  distribution  of  microbiomass  (Fig. 
5a)  and  to  chlorophyll  content.  While  these  latter 
two  elements  show  a  four-  and  three-peaked  curve, 
the  mean  content  of  detritus  follows  a  two-peaked 
curve  with  maximum  values  in  April  and  November. 
This  distribution  closely  parallels  the  mean  seasonal 
distribution  of  seston  (Fig.  5b).  It  is  apparent  that 
the  detritus  distribution  is  influenced,  in  part,  by  bot¬ 
tom  materials.  According  to  Zeitzschel  (1964)  who 
also  worked  in  this  area,  the  annual  quantity  of  seston 
deposited  to  the  sediments  amounted  to  500  g  dry 
weight  per  m2.  Only  75  g  of  the  500  g  was  organic 
material  and,  of  that,  15  g  was  living  substance.  Ac¬ 
cordingly,  the  amount  of  organic  detritus  was  only 
60  g  dry  substance;  that  of  inorganic  detritus,  425 
g/m2.  Unfortunately  no  further  information  is  avail¬ 
able  on  the  organic  detritus.  One  must  consider  that 
a  part  of  the  substance  included  as  organic  detritus 
was  present  in  the  form  of  dissolved  or  colloidal  and 
adsorbed  materials  associated  with  fine  inorganic  par¬ 
ticles  such  as  clay. 

The  distribution  of  size  of  the  detritus  particles  in 
the  different  water  layers  for  one  station  of  the  Kiel 
Bight  has  been  reported  recently  (Krey,  1961).  The 
curves  of  distribution  indicate  that  the  mean  particle 
size  of  the  detritus  particles  increased  from  the  sur¬ 
face  to  the  bottom.  This  factor  can  be  explained  by 


Fig.  3.  Average  surface  distribution  of  detritus  (mg  dry  weight, I )  around  Iceland  in  early  summer  1953  (From 
Hagmeier,  1960). 
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the  considerable  quantity  of  detritus  mixed  from  the 
bottom. 

In  Table  3,  mean  values  for  one  year  of  observation 
( 1963)  are  summarized  for  the  total  water  column 
and  include  detritus,  seston,  protein,  and  living  sub¬ 
stance  calculated  from  protein  values  using  conver¬ 
sion  factors  of  F  =  5  and  F  =  2.5.  Using  two  dif¬ 
ferent  conversion  factors  for  calculating  the  minimum 
and  maximum  value  of  detritus,  very  large  propor¬ 
tions  are  found,  ranging  between  30-90  percent  of  the 
seston.  Only  in  May,  1963,  was  a  relatively  small 
quantity  of  detritus  observed  (2  percent). 

The  vertical  distribution  of  detritus  is  shown  in 
the  isopleth  diagram  of  Figure  6.  The  water  was 
comparatively  low  in  detritus  from  April  to  Decem¬ 
ber  in  different  water  layers,  but  during  other  periods 
the  detritus  values  increased  beyond  50  percent.  The 
absolute  values  of  detritus  demonstrated  a  seasonal 
distribution.  During  the  months  between  April  and 
December  values  were  generally  500  fig  and  less, 
with  a  minimum  in  May.  The  low  values  in  May 
were  associated  with  comparatively  little  water  turbu¬ 
lence  and  the  end  of  the  spring  bloom  of  the  phyto¬ 
plankton.  In  contrast,  the  early  spring  bloom  can  be 


clearly  recognized  at  the  beginning  of  April  with  a 
subsequent  increase  in  detritus. 

Table  4  gives  the  monthly  and  annual  mean  values 
of  seston,  living  substance,  and  detritus  for  the  years 
1958-1963.  Again,  the  minimum  and  maximum  values 
for  detritus  were  calculated.  The  minimum  mean 
value  of  detritus  was  found  in  May,  ranging  between 
340  fig  ( F  =  5)  and  550  fig  (F  =  2.5).  Immediately 
before,  in  April,  the  highest  annual  value  of  detritus 
was  found,  estimated  to  range  between  3,310  fig  and 
3,630  /ig.  The  annual  mean  value  of  detritus,  calcu¬ 
lated  to  be  between  1,290  and  1,540  fig,  seems  to  be 
astonishingly  high.  The  high  value  can  be  accounted 
for  by  a  considerable  addition  of  bottom  material. 
The  portion  of  organic  detritus  in  the  total  particu¬ 
late  matter  amounted  to  12  percent. 

The  foregoing  is  a  contribution  to  our  knowledge 
of  the  quantity  of  detritus  in  the  sea,  with  particular 
reference  to  the  annual  cycle  in  the  adjacent  seas.  We 
must  investigate  the  nutritional  role  of  detritus,  as 
we  now  know  it  occurs  in  marine  waters  in  extremely 
large  quantities.  In  future  work,  we  must  also  dis¬ 
tinguish  between  young  detritus  of  high  nutritive 
value  and  old  detritus,  reduced  by  bacteria,  which 
has  small  nutritional  value  for  filter-feeding  animals. 
Techniques  of  the  bacteriologist  will  assist  us,  es¬ 
pecially  in  direct  observations  of  bacteria  attached 
to  the  detritus.  The  solution  of  the  question  of  the 
nutritive  value  of  detritus  will  provide  a  key  to  the 


Fig.  5.  Seasonal  changes  of  mean  concentration  of 
microbiomass,  total  particulate  material  (=«eston),  and 
detritus  in  Kiel  Bay,  1958-1963. 
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Table  3.  Mean  values  of  seston,  protein,  living  substance,  and  detritus  in  pg/l  Kiel  Hay,  1963. 


Month  Jan. 

Feb. 

Mar. 

Apr. 

May 

June 

July 

Aug. 

Sept. 

Oct.  Nov . 

Dec. 

Seston 

- 

1,590 

3,790 

470 

730~ 

730 

790 

1,250 

830 

830 

Protein 

- 

88 

155 

92 

56 

77 

111 

138 

76 

102 

Living  Substance 

(F  a=  5) 

- 

440 

775 

460 

280 

385 

555 

690 

380 

510 

Detritus  (min.) 

_ 

1,140 

3,020 

10 

450 

350 

240 

560 

450 

320 

%  of  seston 

- 

72 

80 

2 

62 

48 

30 

45 

54 

39 

Living  Substance 

(E  =  2.5) 

- 

220 

388 

230 

140 

193 

278 

345 

190 

255 

Detritus  (max.) 

1,360 

3,400 

240 

590 

540 

510 

900 

640 

570 

%  of  seston 

- 

86 

90 

51 

81 

74 

65 

72 

77 

69 

Table  4.  Mean  values  of  seston,  protein,  living  substance  and  detritus  in  /sg/'l  1 958—1963. 

Yearly 


average 


Month 

jan. 

Feb. 

Mar. 

Apr. 

May 

June 

July 

Aug. 

Sep. 

Oct. 

Nov. 

Dec. 

values 

Seston 

2,750 

2,960 

3,000 

3,960 

760 

1,100 

1,120 

1,230 

1,290 

1,130 

1,620 

1,480 

1790 

—  Living  substance 

(max.) 

290 

350 

620 

650 

420 

490 

360 

550 

600 

770 

330 

400 

500 

=  Detritus 

2,460 

2,610 

2,380 

3,310 

340 

610 

760 

680 

690 

360 

1,290 

1,080 

1,290=72% 

(min.)  % 

89 

88 

79 

84 

45 

55 

68 

53 

53 

32 

80 

73 

—  Living  substance 

(.min.) 

150 

180 

310 

330 

210 

250 

180 

280 

300 

390 

170 

200 

250 

=  Detritus 

2,600 

2,780 

2,690 

3,630 

550 

850 

940 

950 

900 

740 

1,450 

1,280 

1,540=86% 

(max.)  % 

95 

94 

90 

92 

72 

77 

84 

77 

70 

65 

90 

86 

understanding  of  life  of  filter-feeding  organisms  in 
the  deep  sea.  We  can  expect  with  some  optimism  to 
resolve  many  of  the  questions  regarding  the  metabo¬ 
lism  in  the  sea  by  comprehensive  investigations  of  the 
detritus.  Our  work  should  lie  stimulated  by  the  agri¬ 
cultural  sciences,  especially  in  their  study  of  the  soil. 
It  can  be  expected  that  detritus  plays  a  role  in  the 
ocean  similar  to  that  of  humus  in  our  arable  soils  and 
those  in  uncultivated  areas  of  tropical  regions. 


Fig.  6.  Isopleth  diagram  of  absolute  concentration  of 
detritus  (upper)  and  of  percentage  of  detritus  of  total 
particulate  material  (lower)  as  observed  in  Kic!  Bay, 
1963 


Author's  Note:  This  work  has  been  supported  by 

Deutsche  Korschungsgemeinsehaft. 
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The  currents,  the  salinity,  the  temperature  of  the 
water,  and  the  nature  of  the  bottom  sediments  each 
lias  its  own  effect  on  estuarine  fauna.  But  in  a  natural 
habitat  environmental  factors  do  not  act  independently 
as  a  laboratory  physiologist  would  wish  them  to  do. 
An  estuary  is  a  single,  unified  ecosystem  with  all  the 
environmental  factors  interacting  to  determine  the 

•  iture  and  distribution  of  the  fauna. 

Knysna  is  an  ordinary  estuary  with  a  normal  sa¬ 
linity  regime  and  a  rich  fauna.  This  will  provide  a 
basis  for  comparison  with  other  estuaries :  it  is  hoped 
that  the  interaction  of  the  various  environmental  fac¬ 
tors  will  become  apparent. 

I'HE  FACTORS  WHICH  DETERMINE  THE 

RICHNESS  OF  AN  ESTUARINE  FAUNA 

The  ecology  of  Knysna  Estuary  was  described  by 
Day  et  al.  (1952),  and  full  details  of  topography,  en¬ 
vironmental  conditions,  and  a  list  of  the  fauna  were 
given.  Since  then,  we  have  studied  several  other  es¬ 
tuaries  along  the  coasts  of  southern  Africa  and  have 
learned  more  about  the  distribution  and  biology  of 
the  typical  estuarine  animals.  We  have  revisited 
Knysna  very  recently  and  can  now  see  much  more 
clearly  why  Knysna  has  such  a  rich  fauna  and  why 
many  of  the  other  estuaries  arc  impoverished. 

T lit  Significance  of  Climate 

Knysna  is  situated  on  the  southern  coast  of  Africa 
roughly  half  way  between  Fort  Elizabeth  and  Mossel 
Bay.  The  climate  is  temperate  throughout  tiie  year 
and  frosts  are  unknown.  The  Knysna  River  arises  in 
the  Outeniqua  Mountains  and  the  drainage  basin  re¬ 
ceives  an  average  rainfall  of  36.3  inches  per  year 
spread  evenly  over  the  seasons.  Thus  the  maximum 
of  11.03  inches  which  falls  during  the  three  spring 
months  (September.  October,  and  November)  is  not 
very  different  from  the  minimum  of  7.03  inches  which 
falls  in  the  winter  months  of  June,  July,  and  August. 
As  a  result  there  is  a  steady  flow  of  river  water  into 
the  estuary  throughout  the  year :  the  salinity  remains 
fairly  stable  and  the  mouth  remains  permanently  o|>en. 

The  im|Kirtance  of  this  even  rainfall  is  shown  by 
comparison  with  the  St.  Lucia  Estuary  described  by 
Day  et  at,  (  1954).  Here  the  annual  rainfall  is  much 
the  same  (.4.4  inches)  but  16.04  inches,  or  almost 
half  the  rain,  falls  in  the  three  summer  months,  and 

•  luring  the  whole  of  the  winter  there  is  only  1.82 
inches.  As  a  result  there  are  floods  and  low  salinities 
m  summer  while  in  the  winter  the  rivers  stop  flowing 


As  evaporation  proceeds,  sea  water  is  drawn  up  the 
estuary  and  it  gradually  becomes  more  and  more 
saline  until  the  headwaters  of  the  estuary  are  more 
saline  than  the  sea.  It  is  not  surprising  that  St.  Lucia 
has  a  much  poorer  fauna  than  Knysna. 

Erosion  of  die  Drainage  Basin 

The  banks  of  Knysna  are  well  wooded  and  there  is 
little  or  no  erosion.  The  river  water  is  clear,  though 
peat-stained,  and  the  estuary  itself  is  sufficiently  clear 
for  a  Secchi  disc  to  be  visible  at  a  depth  of  six  feet 
in  the  mixing  basin.  There  is  vigorous  plant  growth 
at  this  depth  and,  as  a  result,  the  fauna  is  rich. 

The  contrast  may  be  seen  in  many  South  African 
rivers  where  bad  farming  and  overgrazing  to  the 
water’s  edge  have  removed  the  plant  cover.  The 
Umzimvubu,  which  flows  through  the  Transkei  and 
enters  the  sea  at  Fort  St.  Johns,  is  a  pitiful  example. 
This  once-beautiful  estuary  with  a  mouth  sufficiently 
deep  to  provide  a  port  for  steam  coasters  is  now  a 
morass  of  porridgey  mud.  Each  rain  brings  down 
enormous  masses  of  chocolate-brown  silt  so  that  a 
Secchi  disc  disappears  three  inches  below  the  surface. 
There  is  no  vegetation  below  the  mid-tide  mark  and 
the  fauna  is  reduced  to  the  barest  minimum.  During 
the  dry  season,  when  the  water  clears,  some  benthic 
species  re-establish  themselves,  but  the  next  floods 
cover  them  with  a  blanket  of  fine  silt.  This  is  merely 
one  example  among  many  and  one  can  appreciate  why 
the  fauna  of  Knysna  Estuary  is  one  of  the  richest 
in  South  Africa. 

The  Variety  of  Substratu  m  Types 

Knysna  has  an  interesting  geological  history.  Ap¬ 
parently  the  coastal  plain  across  which  the  river  runs 
lias  undergone  many  changes  in  level  relative  to  the 
sea.  During  the  I’leistocene  it  was  submerged  and 
the  sea  lapjied  at  the  Outeniqua  Mountains  which  are 
now  twenty  miles  inland.  During  the  subsequent 
period  of  elevation  the  young  rivers  cut  deeply  into 
the  coastal  plain  so  that  the  latter  is  now  transected 
by  a  whole  series  of  deep  gorges  (  Fig.  I).  Elevation 
must  have  continued  until  the  coastal  plain  was  much 
higher  than  it  is  at  present,  for  the  bedrock  below 
Knysna  Estuary  is  alxiut  ItXl  teet  Mow  sea  level. 

A  period  of  subsidence  followed  and  the  drowned 
valley  which  now  forms  Knysna  Esti:  try  started  to 
fill  with  sediments.  The  present  height  of  the  coastal 
plain  is  about  2tW  feet.  Its  seaward  edge  is  a  steep 
cliflF.  and  when  one  enters  Knysna  Estuary  from  the 
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Fig.  1.  Knysna  Kstuary  (Photo:  South  African 
Railways). 


sea  one  passes  through  a  narrow  channel  between 
two  impressive  rocky  headlands.  Then  the  estuary 
suddenly  widens  into  a  broad  lagoon  with  low-lying 
banks  of  sandy  mud.  Farther  up,  the  banks  become 
steeper,  but  the  tidal  flats  become  more  and  more 
muddy  with  the  main  channel  winding  through  them. 
Twelve  miles  from  the  mouth  is  the  head  of  the  estu¬ 
ary  at  the  Old  Drift  wh  -re  there  is  a  series  of  rapids 
and  sandy  pools.  T  hereafter  the  banks  close  in  and 
the  river  runs  through  a  deep  rocky  gorge. 

As  this  description  suggests,  there  is  a  wide  range 
of  substratum  tyqies  along  the  estuary :  rocky  banks 
and  clean  sand  at  the  mouth,  sandy  mud  in  the  lagoon, 
soft  mud  in  the  upper  reaches,  and  coarse  sand  and 
rock  at  the  head  of  the  estuary.  Also,  rocky  road  em¬ 
bankments  and  piers  abut  the  channel  in  many  places. 
Each  substratum  type  has  its  own  characteristic 
fauna.  About  one-third  of  the  Knysna  fauna  is  as¬ 
sociated  with  rocks,  and  in  pa’iicular  with  the  rocks 
at  the  mouth  which  are  not  covered  by  a  layer  of  silt. 
Most  of  the  other  species  prefer  sandy  mud.  but  some 
are  confined  to  soft  mud  or  clean  sand.  When  one 
compares  the  variety  of  the  Knysna  fauna  with  the 
restricted  number  of  species  in  estuaries  which  lack 
rocks  at  the  mouth  or  muddy  sandbanks  farther  up. 
the  importance  of  a  broad  range  of  substratum  tv]>es 
becomes  very  obvious. 

The  Significance  of  the  Open  Moutii 

Knysna  has  a  deep  ti.outh  which  is  |>crmancntly 
o|»en  throughout  the  year.  This  has  two  important 
effects;  the  first  concerns  wave  action  and  the  second 
the  tidal  range. 

Waves  with  an  amplitude  up  to  two  feet  penetrate 
the  mouth  and  there  is  a  continual  surge  on  the  rocky 
shores  between  the  headlands.  This  is  sufficient  to 
prevent  the  dc|>os!lion  of  silt,  and  there  is  a  fairly 
good  algal  growth  on  the  rocks  and  a  variety  of 
hainphytic  tngmsperms  on  the  mud  banks.  Many 
seashore  animals  also  extend  into  the  mouth  of  the 
estuary  and  then  disappear  where  the  lagoon  widens 
and  the  strength  of  th<  waves  is  dispersed. 

The  effect  of  the  tidal  range  is  not  appreciated 
until  one  visits  a  Mind  rstuarv.  where  the  water  level 


becomes  static  as  soon  as  the  bar  closes.  Hermanus 
Estuary,  described  by  Scott  et  al.  (1952),  is  a  good 
example,  for  it  maintains  a  normal  salinity  gradient, 
and  the  changes  which  occur  when  the  bar  closes  in 
spring  cannot  be  ascribed  to  this  factor.  Yet  many 
species  die  and  others  are  stunted.  The  shore  fauna 
becomes  restricted  to  a  narrow  band  at  the  air-water 
interface.  Burrowing  forms,  in  particular,  disappear, 
with  the  notable  exception  of  Callianassa  kraussii,  the 
sand  prawn.  When  one  digs  into  the  sandy  mud  at 
the  water’s  edge,  the  black  deoxidized  layer  is  found 
just  below  the  surface  and  deeper  digging  often  pro¬ 
duces  a  smell  of  H2S.  This  suggests  that  the  rise  and 
fall  of  the  tides  is  one  of  the  main  methods  whereby 
oxygen  is  carried  to  subsurface  levels  ( Brafield,  1964). 
When  the  bar  closes  and  the  water  level  is  stabilized, 
many  burrowing  forms  cannot  survive.  Callianassa 
maintains  very  vigorous  respiratory  currents,  and  the 
sandy  walls  of  its  burrow  are  never  black  and  de¬ 
oxidized.  Work  on  the  oxygen  tolerance  of  this  spe¬ 
cies  is  now  in  progress. 

The  tidal  range  has  another  important  effect.  As 
the  water  of  a  falling  tide  seeps  into  the  porous  sand, 
any  plankton  or  suspended  organic  matter  it  con¬ 
tains  must  be  caught  on  the  surface  like  a  precipitate 
on  a  filter  paper.  The  wet  sand  banks  at  low  tide  must, 
therefore,  Ik-  covered  by  a  layer  of  food,  and  they 
provide  a  rich  feeding  ground  for  detritus  feeders 
which  form  the  bulk  of  an  estuarine  fauna. 

Sea  Temperatures 

Stephenson  (1944)  and  Ekman  (1953)  have  dis¬ 
cussed  the  distribution  of  marine  fauna  along  the 
coasts  of  southern  Africa  on  the  basis  of  sea  tem¬ 
perature.  The  figures  used  by  Ekman  are  too  high, 
because  they  are  based  on  the  temperature  of  the 
Agulhas  Current  which  runs  along  the  edge  of  the 
continental  shelf.  The  neritic  water  which  bathes  the 
coasts  and  enters  the  estuaries  is  somewhat  cooler. 
Thus,  the  surface  water  of  the  Mozambique  Current 
is  about  2(>*  C.  off  Eouronco  Marques,  while  the  in¬ 
shore  temperatures  fall  to  20’  C.  As  Macnae  an'' 
Kalk  (1058)  have  shown,  this  is  the  southern  limit 
of  coral  reefs  and  many  other  species  from  the  tropical 
Indian  Ocean. 

Temperatures  along  the  coasts  of  Natal  and  Tran- 
skei  vary  between  18’  and  25*  C.  and  the  fauna  is  sub 
tropical,  with  individual  corals  on  the  shore  and  a 
lew  mangroves  in  the  estuaries  Knysna  Estuary 
o|>ens  onto  the  south  coast  of  the  Ca|>c  Province 
where  the  sea  temperature  varies  iietwccn  15’  and 
20’  C  ,  and  the  marine  fauna  has  beer  termed  warm 
tcnqieratc  by  both  Stephenson  and  Ekman.  To  cc  m 
plete  ihe  picture,  it  may  he  mentioned  that  the  whole 
of  the  west  ciwst  ftom  C:«|ic  Point  :n  the  south  to 
Cape  Frio  in  the  north  is  bathed  by  the  cold  Benguel.t 
Current,  with  coastal  tenqieratures  between  12'  and 
15’  C  The  marine  fauna  is  cold  tenqierate. 

As  usual,  the  diversity  of  the  marine  fauna  is  re 
lated  to  the  sea  temperature.  There  is  a  wealth  of 
s|>cvies  along  the  tropical  shores  and  relatively  few 
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on  the  cold  shores.  Temperatures  in  estuaries  vary 
more  widely  than  they  do  on  the  open  shore,  hut  the 
number  of  species  in  estuaries  seems  to  vary  in  the 
same  way  as  do  the  marine  ones.  It  is  difficult  to  ob¬ 
tain  reliable  figures  for  comparison,  for  the  richness 
of  an  estuarine  fauna  depends  on  many  factors  other 
than  temperature,  and  the  numlicr  of  species  recorded 
depends  on  the  intensity  of  collecting  which  is  seldom 
the  same  in  different  estuaries,  l  or  this  reason,  only 
striking  differences  are  worth  discussion.  \\  ith  these 
reservations  the  figures  from  three  similar  estuaries 
may  he  compared.  The  first  is  Morrumbene  Estuary 
on  the  tropical  coast  of  Mozambique:  470  species  have 
lieen  recorded,  including  «V>  polvchaetes,  (u  crabs,  and 
115  fishes.  The  second  is  knysna  Kstuary  on  the 
warm  temperate  coast  of  South  Africa:  350  species 
have  been  recorded,  including  f,9  polvchaetes,  12 
crabs,  and  40  fishes.  The  third  is  the  Olifants  Estu¬ 
ary  on  the  cold  temperate  coast  of  South  Africa:  53 
species  have  been  recorded,  including  10  polvchaetes. 
3  crabs,  and  9  fishes. 

The  first  point  of  interest  is  that  the  composition 
by  taxonomic  groups  changes  markedly.  There  are 
proportionately  far  more  crabs  and  fishes  in  the  tropi¬ 
cal  estuary  than  in  the  colder  ones.  It  is  sus|>ected 
that  there  arc  similar  differences  between  the  other 
taxonomic  groups,  but  further  collections  are  neces¬ 
sary  before  the  figures  may  lie  regarded  as  reliable. 

The  second  point  is  the  very  great  difference  l>e- 
tween  the  total  fauna  of  Olifants  Estuary  on  the  cold 
Atlantic  coast  and  the  warm  or  tropical  estuaries  on 
the  south  and  east  coasts.  There  is  no  doubt  at  all 
that  these  differences  are  valid,  because  the  Olifants 
s  the  richest  of  all  the  estuaries  on  the  cold  Atlantic 
coast.  It  was  susi<ected  that  there  would  be  a  reduc¬ 
tion  in  the  number  of  si>ecics  here  in  conformity  with 
the  reduction  of  seashore  species,  but  it  was  not  ex¬ 
pected  that  the  reduction  would  lie  so  marked.  Ilrown 
f  195*0  has  discussed  |iossib1e  reasons  tor  the  virtual 
absence  of  any  estuarine  fauna  in  the  estuary  of  the 
Orange  River  farther  north  on  the  Atlantic  coast, 
but  none  of  his  explanations  cover  all  of  these  estu¬ 
aries.  The  only  environmental  factor  they  all  share 
is  that  the  rivers  are  all  warm  and  they  all  o|ien  into 
a  cold  sea,  but  it  is  hard  to  believe  that  this  is  'he 
only  factor  at  work. 

The  foregoing  is  an  attempt  to  evaluate  what  fac¬ 
tors  are  resjumsible  for  the  richness  or  poverty  of  an 
estuarine  fauna.  Taking  Knysna  as  an  example  of  an 
average  estuary  it  is  suggested  that  the  following  are 
the  controlling  factors : 

I.  The  climate,  particularly  the  rainfall,  ami  its 
seasonal  changes,  which  determine  the  salinity  regime 

1  The  amount  of  erosion  in  the  drainage  hasm. 
which  determines  the  amount  of  silting  and  hence  the 
richness  of  the  aquatic  vegetation 

3.  The  geology  of  the  estuary  basin  and  the  vari¬ 
ety  of  substrata  in  the  estuary. 

4  The  width  ami  permanence  of  the  estuary  mouth, 
vs  Inch  affects  the  tidal  range  ami  the  strength  of  wave 
trtion  in  the  estuary 


5.  The  sea  temperature,  which  determines  the  vari¬ 
ety  of  nia.ine  species  which  may  colonize  the  estuary. 

THE  OkliiiN  AND  DISTRIBUTION 
OF  THE  FAUNA 

The  fauna  of  an  estuary  is  derived  partly  from  the 
river  and  partly  from  the  sea.  and  it  is  common  prac¬ 
tice  to  separate  the  different  faunistic  comjKincnts  by 
their  salinity  tolerance.  In  an  earlier  paper,  Day 
(  I‘>51  )  recognized  live  components : 

1.  The  freshwater  component  comprising  a  few 
salt-tolerant  species  derived  from  the  river.  These 
arc  found  in  waters  of  low  salinity. 

2.  The  stcnohaiinc  marine  component,  restricted  to 
water  of  high  salinity  near  the  mouth  of  the  estuary. 

3.  The  curyhalinc  marine  component,  extending 
from  the  sea  throughout  the  estuary. 

4.  The  estuarine  component  which  has  evolved  from 
marine  forms  but  is  now  restricted  to  estuaries  and  is 
never  found  in  the  sea. 

5.  The  migratory  component,  which  includes  a  vari¬ 
ety  of  active  forms  such  as  birds,  fish,  prawns,  and 
cephalo|>ods  which  move  in  and  out  of  the  estuary 
on  feeding  and  spawning  migrations. 

These  five  components  stress  the  great  im|iortance 
of  salinity,  and  there  is  a  tendency  among  researchers 
to  regard  salinity  as  the  only  important  factor  in  de¬ 
termining  the  origin  of  an  estuarine  fauna.  But  this 
is  certainly  not  the  case.  Work  in  Durian  by  Day 
and  Morgans  <  195b  t  showed  that  in  this  landlocked 
bay  where  there  is  no  reduction  in  salinity  from  the 
normal  seawater  range,  there  are  many  s(wc:es  which 
are  characteristic  of  estuaries.  These  findings  were 
confirmed  by  Day  (1*459)  working  on  I-angehaan 
l,i goon,  another  sheltered  bay  with  no  reduction  in 
salinity.  It  has  become  evident  that  many  so-called 
estuarine  species  are  really  calm-water  s|>ecies.  and 
that  the  ability  to  survive  in  sheltered  waters  is  just 
as  important  as  tolerance  to  reduced  salinity  in  deter¬ 
mining  an  estuarine  population.  Bearing  these  [joints 
ri  mind,  we  may  now  examine  the  composition  and 
distribution  of  the  Knysna  fauna  to  see  how  the  two 
factors  interact. 

In  work  of  this  sort  it  is  most  convenient  to  deal 
with  the  benthic  fauna  vvhic  easily  surveyed  and 
assigned  to  definite  localities,  but  there  is  every  indi¬ 
cation  that  the  findings  derived  from  the  benthic  fauna 
are  applicable  Imth  to  fishes  and  other  nekton  and  to 
the  plankton  which  is  now  being  investigated 

Since  1*453.  when  Knysna  was  first  surveyed,  we 
have  returned  to  tin*  estuary  many  time*  and  have 
greatly  increases*  our  knowledge  of  the  fauna  Not 
only  have  we  f*«md  many  more  *[>ecie*  and  gamed 
a  liettcr  knowledge  of  their  distribution  within  the 
estuarv.  tnit  we  have  also  determined  their  divtrilni- 
tion  in  other  estuaries.  luys.  i>|*en  shores,  arid  in 
dredgings.  We  have  culled  the  whole  South  African 
literature  for  record*,  and  in  this  way  we  are  able 
to  a*vign  a  faunistic  category  to  each  *[wvie*  It  i» 
the  analysis  of  these  launistic  categories  that  pro¬ 
vides  the  basic  data  *ct  <«»lt  in  Table  i 
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Tabic  1.  Distribution  of  faunistic  coni|>onents  along  Knysna  Estuary. 
Mouth  Middle  reaches  .  lead 


Total  species 


Salinity  range 
Eresh  water 
Estuarine  only 
Euryhaline  and  marine 
Stenohaline  marine 
Total  ipeciet 


34.5  -  35  7%< 
0 

3  =  1.7% 
80  =  44.6% 
96  =  53.7% 
179 


39  .1  -  34.8%. 

0 

20  =  10.0% 
1UK  =  54.2% 
71  =  3521% 
199 


18.9  -  26.5*. 
0 

12  =  187* 
46  =  71  9% 
6  =  9.4% 
64 


1.1  -  I4.0X. 
7  =  187% 
12  =  36.4% 
14  =  42  4% 
0 
JJ 


7  =  23% 
27  =  86% 
137  =  44  1% 
139  =  45.0% 
310 


The  last  row  oi  Table  1  shows  the  number  of  s|«e- 
cies  recorded  in  each  section  of  the  estuary.  The 
mouth  and  lagoon  have  rich  and  diverse  faunas  while 
the  up|ier  reaches  have  less  and  tl»e  bead  of  the  estu¬ 
ary  has  a  jioor  and  restricted  fauna.  This  |>attern  is 
common  to  ail  normal  estuaries. 

The  last  column  shows  a  total  of  310  *|>ecics  re¬ 
corded  from  the  whole  estuary  and  the  relative  weigh? 
provided  by  each  faunistic  com|>onctit.  The  distribu¬ 
tion  of  each  com|toncnt  may  now  Ire  discussed. 

The  frtshuvlcr  (umponcmt  is  very  small,  compris¬ 
ing  only  seven  species  or  2  .1  jiercent  of  the  total 
fauna.  It  includes  six  insects  and  one  small  gastro¬ 
pod,  and  it  will  lie  noted  that  all  of  them  arc  re¬ 
stricted  to  the  head  of  the  estuary  where  the  salinity 
seldom  rises  above  5*..  and  is  usually  less. 

The  fstmirim •  ci>»i/>»n<'n/,  those  sjiccics  winch  oc¬ 
cur  in  estuaries  liut  have  neser  'nern  found  in  the 
sea.  includes  27  5[>ecies  or  8.6  |>ercent  of  the  total 
fauna.  It  shows  what  a  small  jirojiortion  of  an  estu¬ 
arine  fauna  is  truly  estuarine.  Most  of  the  animals 
are  small  crustaceans  and  there  are  very  few  annelids 
or  molluscs.  While  this  component  extends  along  the 
full  lenglh  of  the  estuary  it  will  he  noted  that  it  be¬ 
comes  progressively  more  imjiortaiit  higher  up  the 
estuary  ami  forms  36.4  jiercent  of  the  small  fauna  at 
the  head  of  the  estuary 

The  curv/u/iMi-  mu rntr  a’lHfoHiUt  includes  those 
sjiecics  which  base  leoi  recorded  iroui  the  sea  and 
from  other  estuaries  Ik-miIcs  Knysna  There  is  a 
total  of  137  s|>ec’.e'.  making  up  44  1  jier-  cut  of  the 
total  fauna.  It  is  slightly  Ira  imjxirtant  than  the 
marine  coinjioncnt  at  the  mouth,  hut  along  the  rest  of 
the  estuarv  it  is  the  most  im|Hirtai,t  component  oi  the 
fauna 


t  he  sh  nolittltHt-  HiariHi-  t  urnf'imcM  includes  those 
sjietics  which  arc  known  from  the  sea  l«n  have  never 
been  recorder!  in  any  other  estuary  except  Knysna. 
Knysna  records  have  been  excluded  from  consider.! 
turn  when  deciding  whetlier  a  s|>ecies  should  lie  in 
eluded  in  cither  the  euryhaline  marine  or  the  steno 
lialinc  marine  category,  since  this  estuary  is  the  sub 
teet  of  the  anal)  sis.  Pruliably  some  of  the  "stmolialine 
marine”  s|«etics  will  !  iter  be  found  in  other  estuaries 
and  they  will  then  lie  transferred  to  the  "euryhaline 
marine"  component,  hut  in  ill-  meantime  it  is  better 
to  leave  the  figures  as  they  stand 

The  >t.  noh.ilmc  marine  conijismciit  as  defined  here 
includes  139  sjiccics  or  45  jiercent  of  the  total  fauna 
It  is  the  most  imjKirtant  component  at  the  mouth  of 
the  estuary.  lmt  is  reduced  upstream  and  i>  completely 
absent  from  the  brail  oi  the  estuary. 

THE  IMPORTANT  E  OE  SALINITY  AND 

wave:  action 

It  is  not  easy  to  determine  the  indcjiendent  effects 
of  salinity  and  shelter  on  the  distribution  of  an  es 
tuarine  fauna.  At  tlie  mouth  there  is  a  high  salinity 
and  strong  wave  action:  inside  the  estuary  there  is  a 
reduced  salinity  and  no  wave  action,  and  the  obsersed 
differences  in  the  fauna  may  lie  ascribed  to  either 
factor. 

<  >nr  (xissiMc  way  of  disentangling  the  effects  of 
these  two  environmental  factors  is  by  comparing  the 
di'trilwition  within  an  estuarv  of  those  s|>ecics  which 
arc  restricted  to  surf-lieateii  shores  with  those  which 
iscur  in  sheltered  hays.  table  2  is  an  analysis  of  the 
enr-.halme  marine  comjionenl  and  Table  3  is  a  similar 
analysts  of  the  slrtiohaltnc  marine  comjKinrnt 

It  will  lx-  seen  that  only  2!  S  jicrtriit  oi  the  curs 
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haline  component  is  restricted  to  surf  shores,  as  com¬ 
pared  with  78.2  percent  which  is  not  restricted  and 
extends  into  calm  bays;  83.2  percent  of  the  euryhaline 
component  extends  into  the  calm  parts  of  the  estuary. 
It  is  evident  that  the  bulk  of  the  euryhaline  species  are 
also  calm-water  species. 

An  analysis  of  Table  3  does  not  show  any  very 
strong  contrasts.  In  general  the  stenohaline  species 
which  are  characteristic  of  surf-beaten  shores  show 
a  greater  tendency  to  be  limited  to  the  mouth  of  the 
estuary  (24.5  vs  14.4  percent),  while  those  which 
extend  into  calm  bays  are  more  liable  to  extend  up 
the  estuary  (26.6  vs  34.5  percent).  A  comparison  of 
Table  3  with  Table  2  shows  that  the  two  components 
differ  in  their  tolerance  of  wave  action  or  the  lack  of 
it.  In  particular,  only  16.8  percent  of  the  euryhaline 
marine  component  is  restricted  to  the  mouth  of  the 
estuary  as  compared  with  51  percent  of  the  steno- 
halinc  marine  component. 

W  hen  one  examines  the  distribution  of  individual 
species  further  interesting  points  appear.  Like  all 
estuaries.  Knysna  is  mainly  populated  by  mud  dwell¬ 
ers.  for  the  few  rocky  banks  within  the  estuary  have 
a  very  poor  fauna.  The  banks  of  sandy  mud  are  rich, 
and  one  might  presume  that  the  component  species 
have  l>een  derived  from  the  sandy  shores  along  the 
coast.  Hut  this  is  not  the  case.  Exposed  sandy 
I >eaclies  have  a  very  poor  fauna,  and  hardly  any  of 
the  species  found  there  penetrate  farther  than  the 
mouth  of  the  estuary.  Typical  species  like  Bullia 
rlwdostoma  and  Di  tax  serra  are  absent  and  in  their 
place  arc  Bullia  annulala,  Bullia  laevissima,  Tivcla 
compressa,  and  Maclra  adansoni,  which  are  character¬ 
istic  of  dredgings  in  the  open  sea.  As  has  been  shown, 
the  fauna  found  on  the  sandbanks  of  calm  landlocked 
bays  form  the  hulk  of  an  estuarine  population,  with 
burrowing  forms  such  as  Callianassa  kraussii,  Upogc- 
bia  afriatna,  Arcnicola  lorcui,  and  Marphysa  san¬ 
guined,  and  surface  forms  such  as  Cleislosloma  cd- 
wardsii,  Ilymcnosoma  orbicularc,  and  Nassa  kraus- 
siaiut.  The  rocky  shores  at  the  mouth  of  the  estuary 
have  a  fauna  similar  in  composition  to  that  of  an 
exposed  reef,  but  poorer  in  species.  Barnacles  such 
as  Octomcris  angulosa,  which  depend  on  the  waves  to 
produce  a  feeding  current,  disappear  early,  and  so  do 
a  variety  of  herbivorous  gastropods  such  as  lim|>cts 
( Patella  spp.)  and  periwinkles  ( Oxyslele  and  Turbo ) 
as  soon  as  their  encrusting  algal  food  is  smothered 
in  silt.  It  would  appear  that  the  importance  of  wave 
action  to  an  animal  is  that  it  provides  a  food  current 
for  lazy  filter  feedegs,  or  keeps  rocks  clean  for  the 
growth  of  algal  forxu  It  is  suggested  that  oxygena¬ 
tion  effects  arc  indirect.  It  has  been  noticed  that  on 
wave-washed  rocky  shores  the  lower  surfaces  of 
stones  are  clean  iTnd  free  from  encrusting  silt.  Stones 
sufficiently  heavy  to  remain  stable  carry  a  rich  cryptic 
fauna.  On  very  calm  shores  similar  stones  are  em¬ 
bedded  in  black  and  obviously  deoxvgenated  silt.  Such 
stones  have  a  limited  fauna  of  worms  such  as  Cir- 
riformia  letilaculata  and  Capilclla  capilala  which  tol¬ 
erates  low  oxygen  concentrations. 


VERTICAL  ZONATION  AND 
ESTUARINE  SHORES 

The  vertical  zonation  of  the  impoverished  fauna  of 
the  rocky  shores  of  Knysna  Estuary  does  not  call  for 
comment.  It  is  basically  similar  to  that  on  open  sea¬ 
shores,  and  further  details  will  be  found  in  Day  et  a!. 
(1952).  Zonation  on  soft  substrata,  however,  is  much 
more  complex  and  the  picture  changes  along  the 
length  of  the  estuary.  This  is  illustrated  by  four 
transects. 

The  Knysna  River  issues  from  a  steep  gorge  at 
Charlesford  Farm.  At  each  high  tide,  the  water  at 
that  point  becomes  saline,  so  that  it  represents  the 
head  of  the  estuary.  As  the  tide  falls,  the  bed  of  the 
river  is  revealed  as  a  series  of  sandy  pools  linked 
bv  stony  runs  and  rapids,  the  last  of  which  is  known 
as  the  Old  Drift.  Figure  2  is  a  surveyed  transect 
immediately  below  this  point. 

The  outflowing  current  has  cut  so  deeply  into  the 
soft  alluvium  of  the  flood  plain  that  the  banks  of  the 
estuary  are  almost  vertical  down  to  the  low  tide  mark. 
Here  the  contours  flatten  out  and  the  lied  of  the  estu¬ 
ary  is  a  flat  bank  of  coarse  sand.  The  steep  banks  are 
covered  with  salt  marsh  vegetation  which  keeps  the 
surface  moist.  Marsh  crabs  (Scsarma)  and  talitrid 
amphipods  ( Parorchcstia ),  both  capable  of  aerial 
respiration,  are  fairly  common,  but  do  not  extend  out 
onto  the  open  sands.  The  coarse  sands  are  very  por¬ 
ous  and  at  low'  tide  the  water  table  falls  eight  or  ten 
inches  below  the  surface.  As  a  result,  the  surface  is 
dry  and  barren,  and  the  burrows  of  the  sand  prawn, 
Callianassa  kraussii,  extend  down  well  below  the  per¬ 
manent  water  level. 

In  the  upper  reaches  the  flow’  of  the  river  is  re¬ 
duced,  and  the  tidal  currents  are  weak  except  during 
the  middle  of  the  ebb.  Soft  silt  is  deposited  during 
the  slack  period  of  high  tide.  This  has  formed  ex¬ 
tensive  flats  which  are  now  overgrown  with  halo- 
phytic  plants,  particularly  the  sedge,  J uncus  kraussii, 
whose  roots  consolidate  the  soil.  The  fine-grained 
compacted  mud  is  not  very  porous  and  drainage  is 
over  the  surface. ,  A  network  of  minor  seepage  chan- 
•.cls  meanders  through  the  muddy  salt  marsh  to  the 
main  estuary  channel,  where  the  ebb  current  has  cut 
a  vertical  step  at  the  lower  edge  of  Juncus  to  form  a 
salting  cliff.  This  is  continually  eroding.  Towards 
the  low  tide  mark  the  currents  are  slower,  and  in  con¬ 
sequence  the  shore  flattens  out.  A  typical  transect 
through  these  upper  reaches  is  reproduced  in  Figure  3. 

The  salt  marsh  near  the  high  tide  mark  has  a 
scanty  epifauna  similar  to  that  at  the  head  of  the 
estuary.  The  same  marsh  crab  (Scsarma)  makes 
most  of  its  burrows  in  the  eroding  salting  clilf.  Dur¬ 
ing  the  day  it  feeds  in  the  shelter  of  the  Juncus  near 
high  tide,  but  at  night  it  feeds  at  low'  tide  levels, 
spooning  up  the  surface  silt  with  its  chelae,  sucking 
out  the  detritus,  and  discarding  the  silt  as  pseudo- 
fecal  pellets.  In  tropical  estuaries  Uca  and  Dot  ilia 
have  similar  habits. 

The  rest  of  the  fauna  is  found  near  the  low  tide 
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Fig.  2.  Transect  at  Old  Drift,  head  of  the  Knysna  Estuary. 
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mark,  where  the  water  table  is  always  at  the  surface 
due  to  seepage  from  higher  levels.  The  substratum  is 
mud  with  a  thin  covering  of  Zostera.  The  fauna  is 
rather  more  diverse  than  that  at  the  head  of  the  estu¬ 
ary,  and  includes  surface  forms  such  as  the  crab, 
Clcistostoma  cJwardsii,  the  whelk,  Nassa  kraussiana, 
and  a  fair  number  of  burrowing  types — the  mud 
prawn,  Upotjcbia  africana,  bivalves  such  as  Soleti 
capensis,  Dosinia  hepatica,  and  Macoma  litoralis,  and 
a  few  polychaete  worms  ( Ccratonereis  erythraecnsis) . 
The  most  notable  feature  in  this  vertical  zonation  is 
the  gap  or  bare  zone  at  mid-tide  levels  between  the 
air-breathing  epifauna  of  the  high  tidal  flats  and  the 
aquatic-breathing  fauna  at  low  tide. 

Below  Ashford  the  estuary  widens  out  into  a  la¬ 
goon  ;  along  the  edges  of  the  main  channel  the  salting 
cliff  gradually  disappears  and  the  shore  becomes 
wider  and  more  evenly  sloping.  The  substratum  is 
rather  more  sandy  and  the  whole  shore  is  covered 
with  vegetation  from  above  the  high  tide  mark  to 
below  the  low  tide.  At  the  highest  levels  there  are 
only  a  few  tufts  of  Juncus  but  Arthrocnemum,  Cheno- 
lea,  and  the  sea  thrift,  Limonium,  form  a  fairly  dense 
carpet.  Farther  down  this  is  replaced  by  the  rice 
grass,  Puccinella,  and  from  mid-tide  this  is  replaced 
by  Zostera,  which  is  at  first  scanty  but  later  becomes 
more  luxuriant  and  mixed  with  patches  of  Halephila. 
The  surface  is  always  moist  under  cover  of  the  vege¬ 
tation  and  from  mid-tide  down  the  free  water  table 
is  within  half  an  inch  of  the  surface.  A  transect 
across  the  shore  near  the  rail  bridge  which  shows 
these  conditions  is  reproduced  in  Figure  4. 


In  comparison  with  the  transect  at  Ashford  it  will 
l>e  noted  that  the  fauna  is  much  richer  and  more 
evenly  spread  over  the  width  of  the  shore.  Among 
surface  forms  the  crabs,  amphipods,  and  periwinkles 
capable  of  aerial  respiration  extend  farther  up  so  that 
there  is  no  mid-tide  gap  such  as  was  seen  at  Ashford. 
Among  burrowing  forms  many  now  extend  well  up 
towards  mid-tide  and  there  is  not  the  sharp  cutoff 
that  was  seen  seven  inches  above  the  low  tide  mark 
at  Ashford.  Vertical  distribution  is  far  more  varied, 
with  each  species  increasing  in  abundance  at  its  opti¬ 
mum  level.  There  are  no  obvious  changes  in  sub¬ 
stratum  type  or  plant  cover,  and  it  is  presumed  that 
the  main  factor  which  controls  vertical  distribution 
is  the  tidal  level. 

Towards  the  mouth  the  tidal  currents  increase  in 
the  main  channel  and  the  swells  coming  from  the 
open  sea  are  now  appreciable.  The  intertidal  banks 
are  very  broad  and  distinctly  more  sandy  than  up¬ 
stream.  There  is  still  an  abundance  of  mud  and  a 
luxuriant  salt  marsh  vegetation  in  the  backwaters 
around  Leisure  Isle,  but  the  shore  along  the  main 
channel  is  mainly  bare  sand  with  scattered  patches  of 
Arthrocnemum  or  Puccinella. 

An  offshore  sandbank  separates  Leisure  Isle  from 
the  main  channel,  and  between  the  two  there  is  a 
waterlogged  area  of  sandy  mud  which  is  just  un¬ 
covered  at  low  tide.  It  is  known  as  the  “false  chan¬ 
nel''.  The  transect  illustrated  in  Figure  5  runs  from 
the  point  of  Leisure  Isle  across  the  false  channel  and 
over  the  offshore  sandbank  to  the  main  channel.  It 
is  an  extremely  wide  transect  of  1,450  feet  across  two 
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different  types  of  substrata,  muddy  sand  from  Leisure 
isle  to  the  false  channel  and  clean  unconsolidated 
sand  from  there  to  the  main  channel.  Each  has  its 
own  distinctive  fauna.  Only  the  vertical  ror.at'on 
across  the  muddy  sand  is  shown.  It  will  be  evident 
that  the  upper  level  of  the  shore  is  relatively  steep 
and  sandy,  and  in  th.  section  the  free  water  table 
is  well  below  the  surface  at  the  time  of  low  tide.  Thus 
it  is  over  24  inches  at  take  A,  15.5  inches  at  stake  B 
and  eight  inches  at  stake  C.  From  there  on,  seepage 
from  the  porous  sand  at  higher  levels  maintains  the 
water  table  at  or  just  below  the  surface,  and  from 
stake  E  (30  inches  above  low  water  springs,  or 
LW3)  every  depression  has  a  permanent  pool  of 
water.  The  vegetation  on  the  upper  shore  is  scanty. 
There  is  lawn  grass  ( Sporobolus  lirginicus )  at  and 
above  high  water  springs,  but  below  this  there  are 
mere  patches  of  salt  marsh.  The  transect  was  pur¬ 
posely  laid  across  a  patch  of  Puccinella,  since  this 
provided  support  of  Littorina  knysnaensis  and  shelter 
for  Cyclograpsus  punctalus  (not  shown  in  Fig.  5). 
Zostera  appeared  at  stake  E  and  continued  down  to 
LWS  at  stake  L. 

The  interesting  features  shown  by  this  transect  in¬ 
clude  the  restriction  of  talitrid  amphipods  U'aror- 
chestia)  to  the  decaying  vegetation  at  the  high  tide 
drift  line  and  the  absence  of  any  except  air-breathing 
surface  forms  from  the  upper  levels.  Almost  all  in¬ 


fauna  is  restricted  to  the  levels  where  the  water  table 
reaches  the  surface,  except  Upogebia,  which  makes 
deep  burrows,  and  Ceratonereis,  the  depth  of  whose 
burrows  is  unknown.  It  is  surprising  to  find  it  so 
high  up  the  shore  both  here  and  at  Ashford. 

The  upper  limit  at  which  an  animal  can  live  on  the 
shore  is  mainly  determined  by  an  animal’s  ability  to 
resist  desiccation.  On  a  smoothly  sloping  rocky  shore 
where  the  rocks  dry  out  at  low  tide,  the  animals  live 
in  well-defined  belts  related  to  tidal  levels,  though  the 
bands  tend  to  be  tilted  upward  in  shaded  areas  or  in 
situations  where  dense  algal  growth  reduces  evapora¬ 
tion.  On  a  sandy  or  muddy  shore  there  are  many 
complicating  factors.  The  animal  may  live  on  the 
surface  or  in  a  burrow ;  parts  of  the  shore  may  lie 
kept  moist  by  dense  vegetation ;  or  the  substratum 
may  be  porous  so  that  the  water  sinks  as  the  tide 
falls  to  seep  out  at  a  lower  level,  particularly  where 
there  is  a  sudden  drop  in  the  contour.  For  an  animal 
living  on  the  shore  the  most  important  feature  is  the 
depth  of  the  water  table,  however  this  may  be  deter¬ 
mined.  Only  when  the  whole  shore  is  uniform  from 
the  high  tide  mark  to  the  low  tide  mark  will  the  upper 
limits  of  distribution  be  related  directly  to  tidal  levels. 
This  has  been  illustrated  during  a  description  of  four 
transects,  and  the  variability  of  vertical  distribution 
is  summarized  in  Table  4. 
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Fig.  5.  Transect  at  leisure  Isle,  Knysna  Kstuarv. 
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Table  4.  Heights  in  inches  above  low  water  springs 
of  the  upper  limits  of  common  members  of  the  epi- 
fauna  and  the  infauna  on  three  transects  across  muddy 
sand. 


S|>ecies 

Leisure 

Isle 

Rail 

Bridge 

Ashford 

Epifauna 

Clcistostnma  edwardsii 

50 

53 

22 

II  ymcnosoma  orbicular,- 

40 

33 

7 

Xassa  kraussiana 

30 

23 

7 

Infauna 

U pog etna  africana 

43 

43 

22 

Ccratimcrcis  erythraecnsis 

40 

33 

23 

Dosinia  hepatica 

23 

33 

7 

TROPHIC  RELATIONS  BETWEEN  THE 
COMMON  SPECIES  IN  KNYSNA  ESTUARY 

Plankton 

% 

Unpublished  work  by  John  Grindlev  shows  that 
the  mouth  of  Knysna  Estuary  is  inhabited  by  neritic 
plankton  and  that  farther  up  there  are  a  numlier  of 
small  estuarine  s|>ecies.  Among  the  copepods,  genera 
such  as  Pseudodiaptomus,  Acartia,  and  Paracalanus 
are  dominant,  but  no  dense  plankton  swarms  have 
been  found  and  it  is  suggested  that  plankton  is  not 
a  major  source  of  food  in  the  c'tuary.  By  the  same 
token,  there  are  relatively  few  plankton  feeders.  The 
mussel.  Pcrna  pema,  the  barnacle,  Tetraclita  serrata, 
and  the  oyster,  Crassostrea  margaritacea,  are  the  main 
ones  at  the  mouth  and  the  mud  mussel,  Lamya  capcn- 
sis,  is  the  dominant  plankton  feeder  in  the  upper  mud 
channels;  it  is  suspected  that  all  of  these  depend  on 
detritus  to  some  extent.  Among  fishes  the  only  com¬ 
mon  s^icv..  are  t'.c  ,.,.'o  ;-\k.  Hyporhamphus  knys- 
and  me  ..lutebait,  A 1  henna  breviceps,  liut 
these  are  net  abundant. 

Attached  Plants 

Knysna  has  a  luxuriant  aquatic  vegetation  from 
high  water  of  spring  tide  down  to  low  water  springs 
and  below.  Most  of  the  plants  are  angiosperms,  but 
there  is  a  fair  amount  of  Enteromorpka  and  Viva 
lietween  title  marks  and  loose  Zonaria  below. 

Relatively  few  animals  feed  directly  on  the  macro¬ 
scopic  vegetation,  but  periwinkles  ( Gibbula  sp.)  do 
and  certain  crabs  and  fishes  crop  living  plants  when 
hungry.  Thus  the  crab,  YesortiM  ealenata,  has  been 
ulwerved  to  feed  at  times  on  living  Arthrocncntum 
ami  the  stomachs  of  juveniles  of  the  fish,  Rhabdosar- 
j /hi  giabiceps,  are  occasionally  packed  with  Z.o.stera. 
Probably  more  species  feed  on  minute  filamentous 
algae  or  the  film  of  attached  unicellular  forms  which 
discolors  stable  sand  flats,  l.ittorina  tnysnaensui, 
Oxy  stele  variegata,  and  Siphonana  spp.  feed  in  this 
way  on  rocky  shores  and  Assiminea  spp.  and  Bum- 
tclla  leach  ii  find  similar  food  on  the  surface  of  sand 
banks. 


Detritus  Ff.kdf.rs 

Tbc  decomposition  products  of  the  plants  plus  the 
dead  or  stranded  plankton  form  the  basic  source  of 
food  in  the  estuary.  It  may  be  ingested  while  drifting 
or  lying  on  the  surface  or  extracted  from  the  sedi¬ 
ments.  Deposit  feeders  include  polvchaetes  such  as 
Thelepus  plagiostoma,  amphipods  such  as  Parorches- 
tia  rcctipalma  and  Melita  seylanica,  shrimp  ( Palae - 
mow  pacificus),  prawns  (Vpogebia  africana),  crabs 
( Glcistostoma  edwardsii  and  Sesarma  ealenata),  bi¬ 
valves  (Dosinia  hepatica ),  and  the  fish  Mugil  spp. 
Mud  swallowers  include  such  polychaetes  as  Orbinia 
angrapequensis,  N  otomastus  fauvelii,  and  Arenicola 
Invent;  and  sand  sifters  include  the  prawn,  Calianassa 
kraussii,  as  well  as  numerous  minute  animals. 

Benthic  Carnivores 

A  number  of  predaceous  polychaetes  such  as  Glyc- 
ern  con~  ulula,  and  the  giant  nemertine,  Gorgonorhyn- 
chus  sp.,  feed  on  Vpogebia  africana  and  Marphysa 
sanguinea.  There  are  also  numerous  whelks  such  as 
Thais  dubia  which  feeds  on  Littorina  knysnaesis  and 
barnacles  on  rocky  shores,  and  Satica  grnuana  on 
various  bivalves  on  sandy  shores.  Possibly  the  ubiqui¬ 
tous  ,Y assa  kraussiana  Wongs  to  this  group,  but  it 
must  feed  on  very  minute  animals  for  it  occurs  in 
enormous  numbers  crawling  over  the  fronds  of 
Zoster  a. 

Predaceous  Fishes 

The  fishes  usually  form  the  last  link  in  the  food 
chain,  and  examination  of  stomach  contents  shows 
that  their  preferred  food  changes  with  age.  Merely 
the  main  outlines  can  be  given  here.  Rhabdosargus 
globieeps,  or  white  stumpnose,  is  one  of  the  common¬ 
est  brcam-like  fishc*  found  along  "><*  .oasts  c.‘  the 
Cape  Province.  A  study  by  Talbot  (1955)  and  the 
records  in  the  Zoology  Department  of  the  LTniversity 
of  Cape  Town  are  the  sources  of  the  present  summary. 

In  the  adult  stage  R.  globiceps  is  about  25  cm  long 
and  weighs  about  3  lb.  It  lives  in  the  sea  and  feeds 
on  mussels,  small  crustaceans  such  as  amphipods,  and 
a  variety  of  other  foods  from  submerged  reefs.  This 
jiart  of  its  life  cycle  requires  further  study.  It  breeds 
in  November  and  December  and  juveniles  about  20 
mm  long  shelter  in  rock  pools  along  the  coast  or  enter 
estuaries.  Up  to  this  stage  it  feeds  on  plankton. 
When  it  is  5  cm  long  it  starts  feeding  on  the  epifauna 
of  the  benthos  including  amphipods  and  isopods  ( Me¬ 
lita  seylanica  and  Exosphaeroma  hylecoetes).  As  its 
molarifonu  teeth  develop  it  is  able  to  take  shelled 
molluscs  ( Assiminea  and  Xassanus  kraussiana)  and 
at  times  its  stomach  is  filled  with  algae,  particularly 
Enteromorpka.  It  grows  rapidly  and  at  10  cm  length 
it  takes  larger  crustaceans  such  as  Hymenosoma  and 
Vpogebia  and  small  mussels  (Lamya  capeitsis).  By 
the  end  of  a  year  it  has  reached  a  length  of  about  15 
cm  and  its  gonads  are  beginning  to  develop.  It  now 
leaves  the  estuary  and  does  not  return.  It  is  an  ex 
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ample  of  one  of  the  many  fishes  which  breed  in  the 
sea,  but  shelter  in  estuaries  as  juveniles. 

Litliognathus  lithognathus,  the  white  steenbras. 
reaches  a  weight  of  about  30  lb  and  a  length  of  about 
three  feet.  Its  biology  has  never  been  studied  in  de¬ 
tail.  though  it  is  a  common  game  fish  all  around  the 
Cape  Province  and  is  of  some  imjiortance  to  commer¬ 
cial  fishermen  as  well.  It  breeds  in  the  sea  and  the 
juveniles  enter  estuaries  at  a  length  of  4  cm.  At  this 
stage  they  are  still  feeding  on  planktonic  crustaceans, 
p7o«>«ibiy  siiappiiip,  up  liiuiimUit]  copepous,  Siiicc  they 
are  not  aitaoted  for  filter  feeding.  They  shelter  from 
predaceous  fish  in  sandy  shallows;  the  elongated  snout 
and  thickened  lips  are  adapted  to  grubbing  in  the  sand 
for  polychaetes  (Orbinia  and  Nephtiiys  sp.)  and  small 
crustaceans,  particularly  Pontogclcidcs  and  I'rothoe. 
As  they  grow  they  take  larger  food  organisms  and 
develop  the  capacity  of  blowing  holes  in  the  sand  to 
feel  on  Vpogebia  and  ,-lrcnicnla.  Adult  Lithognathus 
are  one  of  the  main  angling  fishes  in  Cape  estuaries 
but  the  roes  are  never  ripe.  For  this  reason  it  is 
presumed  that  they  spawn  in  the  sea  anil  return  to 
estuarine  waters  in  the  summer  to  feed 

Jahnius  hololcpidolus,  the  kabrljaauw  or  koh. 
reaches  a  weight  of  150  lb  and  a  length  of  six  feet. 
Its  biologs-  has  not  been  studied,  though  it  is  an  im¬ 
portant  game  fish  and  commonly  taken  by  trawlers. 
Fmgerlir.gs  are  never  found  in  estuaries  or  along  the 
shore  and  it  is  concluded  that  spawning  takes  place  in 
the  sea  in  fairly  deep  water.  A  rijie  female  measuring 
8H.5  cm  was  trawled  off  Cape  Infanta  in  40  fathoms. 
Young  kob  appear  in  the  estuaries  when  they  are 
about  15  cm  long.  They  feed  on  u  variety  of  small 


crustaceans,  including  mysids,  shrimp,  prawns  {L'po- 
gebia),  and  crabs  {Hyinenosoma) ,  but  there  is  no 
evidence  that  they  are  adapted  to  feed  on  the  infauna 
of  muddy  bottoms.  Larger  specimens  of  30  cm  or 
more  become  predaceous  and,  in  addition  to  the  larger 
crustaceans,  they  feed  on  cuttlefish  (Siji  iu  j  iiuu  iiiui'il 
( Muoil  and  Lisa  spp.).  Adult  kob  extend  the  whole 
length  of  the  estuary  and  are  often  taken  in  the  upper 
reaches. 

ily  paean  thus  amia,  the  leervis  or  garrick,  extends 
from  Natal  to  False  Bay  both  in  the  sea  and  in  estu¬ 
aries.  It  reaches  a  weight  of  about  40  lb  and  is  highly 
esteemed  as  a  game  fiih.  Its  biology  has  not  been 
studied  in  detail.  Fish  Kith  ripe  rocs  arc  not  found  in 
estuaries,  so  it  presumably  breeds  in  the  ;ca,  but  small 
juveniles  only  4  cm  long  do  occur  in  estuaries.  Kven 
at  this  stage  they  are  vicious  predators  and  feed  on 
shoals  of  postlarva!  mullet  in  the  shallows.  They  ex¬ 
tend  into  the  upper  reaches  of  the  estuary  and  as 
adults  they  feed  on  all  types  of  small  fish,  particu¬ 
larly  mullet,  halfbeaks  ( / / yporhamfhusi  and  juvenile 
Lithognathus  and  Rlwbdosargus.  They  are  swift 
predators  and  form  the  final  link  in  the  food  web. 

Figure  ti  summarizes  the  trophic  relationships  be¬ 
tween  the  main  elements  of  the  Knysna  biota.  It  is 
suggested  that  phytoplankton,  zuoplankton,  and  plank¬ 
ton  feeders  are  of  minor  int|x>rtance  in  the  economy 
of  the  estuary.  Macroscopic  vegetation  such  as  Pos¬ 
tern,  f-.ntcromorfha,  anil  Viva  provides  food,  while 
alive,  for  a  few  herbivores  such  as  periwinkles  and 
some  fish,  The  main  source  >f  basic  food  in  the  estu¬ 
ary  is  organic  detritus  which  feeds  most  of  the  ben¬ 
thic  fauna  and  a  few  important  swimming  forms  such 
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as  mullet.  A  variety  of  benthic  carnivores  feed  on 
tliese  in  turn,  but  the  ultimate  consumers  are  preda¬ 
tory  fish.  Some  of  these  are  adapted  to  prey  on  bur¬ 
rowing  invertebrates,  some  feed  on  the  epifauna,  and 
a  few  on  fish.  All  of  them  leave  the  estuary  to  breed 
in  the  sea. 
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Ecological  Aspects  of  the  Laguna  Madre,  A  Hypersaline  Estuary 

JOEL  W.  HEDGI’ETH 

Pacific  Marine  Station,  ( 'niversity  of  the  Pacific,  Dillon  Beach,  California1 


The  Laguna  Madre  of  Texas  is  a  series  of  coastal 
lagoons,  consisting  of  a  long  narrow  outer  lagoon 
separated  from  the  Gulf  of  Mexico  by  Padre  Island, 
and  divided  into  northern  and  southern  parts  by  ex¬ 
tensive,  barren  flats,  and  an  inner  tributary,  Baffin 
Bay,  extending  westward  like  ar.  elbow  from  the 
lower  part  of  the  main  Laguna  (Fig.  1).  Raffin  Bay 
has  a  large  branch,  Alazan  Bay,  extending  north¬ 
ward  and  somewhat  parallel  to  the  axis  of  the  main 
Laguna.  The  main  part  of  the  Laguna  Madre  logins 
near  the  city  of  Corpus  Christi  at  the  southern  part 
of  Corpus  Christi  Bay  and  ends  just  south  of  Port 
T-abc!  Th's  ij  a  distance  of  about  120  troG'  between 
latitudes  27*45’  N  and  26*  N.  The  total  area  of  this 
system  of  hays  is  slightly  more  than  600  square  miles. 
The  maximum  depth  in  Baffin  Bay  is  about  12  feet, 
but  most  of  the  Laguna  is  very  shallow  (Table  1). 

The  flats  which  divide  the  Laguna  Madre  inio  two 
parts  extend  from  a  few  miles  south  of  the  confluence 
of  Baffin  Bay  to  just  south  of  Mesquite  Rincon  ( from 
about  27*10’  N  to  26*49’  N).  It  is  thought  that  this 
filling  in  has  occurred  within  the  last  century,  but  this 
segmentation  of  a  long  narrow  lagoon  may  be  an  equi¬ 
librium  phenomenon  inherent  in  the  sha|ie,  so  that  the 
lagoon  tends  to  segment  at  the  of  oscillation, 

rime  was  apparently  c  "■  a'erd  le  sandnif-ow r  n 
this  area  during  the  1919  hurricane.  At  the  present 
lime  this  area  is  covered  by  a  few  inches  of  water  at 
times  of  high  tides  and  strong  winds:  since  the  con¬ 
struction  of  the  intracoastal  Waterway  in  1949  the 
two  parts  of  the  Laguna  have  been  connected  by  the 
channel.  This  does  not  ap|>car  to  have  much  effect  on 
the  salinity  exchange  except  during  winter  when 
highly  saline  water  is  moved  into  the  southern  Laguna 
by  the  action  of  northrrs. 

Another  lagoon  w  ith  similar  characteristics  and 
alxiut  the  same  sue  lies  south  of  the  Rio  Grande  in 
the  Mexican  state  of  Taniaulipas.  The  Laguna  Madre 
de  Taniaulipas  extends  from  .ilxiiit  25*30’  N  to  23*30 
X  and  has  an  area  of  about  l.(KK)  square  kilometers 
i  Hildebrand.  19581. 

The  Laguna  Madre  hes  in  a  region  characterized 
as  scmiarid,  with  annual  rainfall  about  27  inches  a 
year  and  evaporation  about  21  inches ;  however,  the 
rainfall  average  i«  skewed  by  the  occasional  heavy 
eloudliursts  that  may  contribute  as  much  as  six  inches 
of  rain  in  a  comparatively  small  area  in  a  few  hours. 
"Average”  conditions  arc  usually  more  arid  than  in- 
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dicated  by  the  climatological  data.  No  streams  of 
consequence  flow  into  the  Laguna  Madre,  and,  until 
recently,  the  Laguna  was  closed  off  from  the  sea 
except  across  a  sill  at  Corpus  Christi  Bay  in  the  north 
and  through  Brazos  Santiago  Pass  in  the  south.  Sa¬ 
linities  in  excess  of  8()yr  were  frequent,  and  in  some 
years  they  exceeded  100(G.  Extremely  high  salinities 
occurring  during  high  summer  water  temperatures 
were  associated  with  fish  mortalities.  Cloudbursts  in 
the  area  would  bring  about  abrupt  reductions  of  sur¬ 
face  salinity  to  as  low  as  2CV.  In  very  cold  winters 
there  have  been  spectacular  mass  mortalities  of  fish 
in  various  parts  of  the  Laguna  Madre  when  low  tem¬ 
peratures  coincided  with  circumstances  of  wind  and 
tide  that  made  it  impossible  for  fish  to  escape  into  the 
Gulf  of  Mexico.  In  spite  of  these  environmental  ex¬ 
tremes,  the  I-aguna  Madre  has  been  an  important 
source  of  fish — contributing  as  much  as  50  percent 
of  the  total  catch  from  Texas  coastal  waters  in  some 
years. 

On  the  basis  of  extensive  sediment  studies,  Rusnak 
(19601  estimates  that  the  Laguna  Madre  was  formed 
about  5,000  years  ago,  and  that  hypcrsaline  conditions 
have  been  prevalent  for  |>erhaps  4,000  years.  How¬ 
ever.  it  is  obvious  that  Baffin  Bay  is  the  remnant  of 
a  formei  jtieam  drainage,  and  ,li«  pi.sence  of  old 
oyster  shells,  possibly  from  Indian  middens,  suggests 
less  saline  conditions  in  this  part  of  the  Liguna 
Madre  system  at  some  tunc  in  the  past  ( Brcuer. 
1957).  Recent  preliminary  sonoprolic  studies  of  the 
area  indicate  a  Pleistocene  channel  in  Baffin  Bay  |>er- 
haps  60  to  80  feet  lielow  present  sea  icvcl  (  Behrens. 
1963 1.  Conditions  were  apparently  less  saline  in  the 
not  too  remote  past  in  the  Mexican  Liguna  Madre; 
Hildebrand  11958)  notes  the  presence  of  oyster  shell 
de|Hisits  there  which  he  suggests  may  have  been  ac¬ 
cumulated  at  a  time  when  the  Rio  Grande  carried 
more  water  and  entered  the  Gulf  of  Mexico  in  I  a- 
iu.iulip.is  instead  of  Texas. 

In  the  more  recent  past  various  alterations  of  the 
physical  conditions  in  the  Laguna  Madre  have  lieen 
brought  al»>ut  by  the  activities  of  man.  There  is  a 
long  history  of  dehlierate  attempts  to  alleviate  salinity 
conditions  by  digging  artificial  channels  across  Padre 
Island.  Efforts  to  construct  an  artificial  pass  have 
lieen  conducted  by  the  Texas  ( lame  and  Eisli  Com¬ 
mission  at  the  instigation  of  fishermen,  primarily  at 
the  lower  end  of  the  northern  part  of  the  I-aguna 
Madre. south  of  the  junction  with  Baffin  Bay.  This 
pass,  known  as  Yarborough  Pass,  has  been  dredged 
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Fit-  1.  The  laguna  Madre  of  Texas.  ( Intracoastal 
Waterway  not  to  scale.) 


out  several  times,  hut  has  never  materially  reduced 
the  salinity  within  the  I-iguna  Madre.  The  |>ass  was 
olienetl  in  1941,  1942,  and  1944,  hut  i|uickly  filled  in 
again  liecause  there  is  no  natural  flow  of  water  from 
the  mainland  to  maintain  it  In  1949  the  lntracnasta! 
Waterway,  a  channel  alxmt  125  feet  wide  and  1  -  feet 
ileep,  was  completed  along  the  entire  length  of  the 
! _ig\uu  Madre  This  ship  canal  lus  alleviated  salini¬ 
ties  somewlwit,  but  this  action  has  I  seen  offset  to  tlte 
north  hv  tlte  construction  of  a  causeway  front  f  'orpus 
Christi  to  I’adre  Island  While  the  salinity  exchange 
with  Corpus  Chnsti  Bay  has  therefore  been  limited, 
tlte  waterway  has  provided  an  escape  chan. id  for  fish 
during  high  summer  temperature*  and  salinities  and 
during  winter  cold  periods  and  mass  mortalities  have 
apparently  been  greatly  reduced.  The  cold  spell  of 
1962,  however,  caused  a*  much  lot*  to  trout  <Cy*nu- 
iion  nckulntus)  as  that  of  1951.  although  only  about 
a  tenth  as  destructive  to  drum  (Pogcmoi  cramui 
i  K.  SI.  Simmons,  personal  correspondence).  During 


the  drought  years  of  the  late  1940’s  and  early  1950’s 
salinities  increased  and  fishermen  continued  to  agitate 
for  an  artificial  pass ;  Yarborough  Pass  was  reopened 
again  in  February,  1952.  It  remained  open  for  about 
three  weeks  (Breuer,  1957). 

The  changes  in  the  salinity  regime  of  the  northern 
part  of  the  Laguna  Madre,  as  a  result  of  the  construc¬ 
tion  of  the  waterway  and  the  causeway,  have  been 
discussed  by  Simmons  (1957).  He  noted  that,  in 
spite  of  the  intracoastal  Waterway,  salinities  have  at 
times  been  higher  than  they  were  before  dredging  just 
below  the  causeway  because  of  the  reduced  exchange 
with  Corpus  Christi  Bay.  Simmons  also  observed 
that  a  “block"  oi  high-salinity  water  tends  to  shift 
back  and  forth  in  the  Laguna  in  the  region  of  Baffin 
Ray  during  the  summers  according  to  wind  direction 
without  being  completely  exchanged  with  less  saline 
waters  to  the  north.  As  a  result  of  the  various  im¬ 
provements  by  man  and  the  prolonged  drought,  it 
appeared  that  the  upper  eight  miles  of  the  Laguna 
could  become  dry  land  in  a  comparatively  short  time 
(Simmons,  1957). 

The  dry  winter  of  1965-1964  has  resulted  in  salini¬ 
ties  in  excess  of  40%*  and  "red  water”  conditions  in 
the  upper  Laguna  Madre  in  the  spring  of  1964,  and 
agitation  for  jtasscs  into  the  Gulf  of  Mexico  has 
sprung  up  anew.  A  group  of  consulting  engineers 
has  pro;>osed  a  plan  which  provides  for  two  passes 
across  Padre  Island  in  tne  upper  Laguna  area,  some 
channel  dredging,  and  the  removal  of  some  of  the 
spoil  banks.  The  two  passes  and  the  channel  would 
provide  for  a  circulating  system  for  control  of  salinity 
and  would  restore  several  s<|uare  miles  of  habitat  for 
ft  hes.  It  would  provide  not  only  for  the  circulation 
of  water,  but  for  the  t  .vi.'  .  i>.  nJi  and  of  fisher¬ 

men  in  their  boats.  I  he  total  co.t  of  this  project  is 
estimated  at  $7  15  million.  W’,<t  the  cost  of  main¬ 
tenance  may  lie  is  unknown,  hut  the  history  of  the 
Port  Mansfield  Pass  suggests  substantial  annual  costs. 
If  the  I -a  guru  Madre  is  such  a  valuable  recreational 
resource,  it  would  probably  lie  considerably  less  ex¬ 
tensive  to  dig  up  the  present  5|x>d  Links  and  convert 
the  causeway  separating  the  Laguna  from  Corpus 
Christ!  Bay  to  an  ojkti  trestle  bridg^ structure. 

Warning*  of  the  |x>terrtial  cfTect  of  a  solid  fill  cause¬ 
way  were  clearly  voices!  before  it  was  built  ( liedg 
jieth,  1947  l.  but.  since  navigation  would  not  lie  inter¬ 
fered  with  the  project  was  approved  by  the  Corps 
of  Kngmrcrv  it  i*  obvious  tlut  rrmedial  measures, 
if  indeed  they  could  remedy  tlie  situation,  will  cost 
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more  than  the  projects  which  have  exacerbated  the 
original  conditions. 

Modifications  by  the  activity  of  man  have  also  oc¬ 
curred  in  the  southern  part  of  the  Liguria  Mad  re.  A 
large,  jiemianently  jettied  and  protected  pass  has  lieen 
cut  across  Padre  Island  to  enable  ships  to  enter  Port 
Mansfield.  This  pass  was  completed  in  1%2  after  a 
preliminary  one  failed  to  remain  open.  It  is  a  smaller 
opening  than  the  Brains  Santiago  Pass  opposite  Port 
Isabel,  and,  except  during  strong  north  winds,  the 
water  flows  northward  from  Port  Isabel  and  out  into 
the  Gulf  of  Mexico  through  this  pass.  Salinities  in 
the  southern  Laguna  Madre  are  now  "stabilized" 
nearer  Gulf  of  Mexico  values  and  the  faunal  assem¬ 
blage  is  being  altered  hv  the  invasion  of  sfiecies  from 
the  Gulf. 

As  a  result  of  these  changes,  older  data  for  tem¬ 
perature,  salinity,  and  community  assemblages  are  no 
longer  indicative.  L’nfortunatelv,  data  are  somewhat 
sporadically  offered.  Kvidently  the  teniperaturc-salin- 
ity  characteristics  of  Laguna  Madre  waters  have 
changed  somewhat,  primarily  by  the  reduction  of  sa¬ 
linities  in  the  lower  Laguna  and  the  increase  of  sa¬ 
linities  in  the  upper  Liguria  by  obstructions  to  water 
exchange.  Baffin  Bay  does  not  seem  to  have  lieen 
altered  much  by  the  recent  changes,  but  the  data  pre¬ 
sented  hy  Ureuer  ( 1957  (  are  summarized  in  terms  of 
stations  rather  than  months  ami  cannot  bo  compared 
with  other  data — the  original  data  are  not  av  ulable. 
Various  temperature  and  salinity  conditions  in  the 
Laguna  Madre  are  summarized  in  Figure  2. 

Active  studies  of  biological  problems  in  the  Laguna 
Madre  have  been  carried  out  by  various  investigators 
since  the  1940's.  The  initial  reconnaissances  arc  sum¬ 
marized  by  Gunter  (  1945a,  b>.  The  hasic  hydro- 
graphic  data  wrre  obtained  during  |94t»-|947  i  Hedg- 
peth,  1947:  Collier  and  Hedg^ieth,  1950 1.  and  have 
been  added  to  by  others,  notably  Simmons  1 10-“  i 
Since  about  1951  there  have  been  several  different 
types  of  studies  rnaile  In  various  jvarts  of  the  Laguna 
Madre.  Biologists  for  live  Texas  Game  ami  Fish 
Commission  have  conducted  surveys  of  the  biota  in 
various  regions  of  the  laguna  Madre.  g\-ilo«rixti  have 
studied  the  sediments  and  the  potential  fossil  assem¬ 
blages,  and  ecus) stematists  have  measured  photosyn¬ 
thesis.  In  ail.  more  than  JO  oapers  with  some  infor¬ 
mation  aliout  the  Liguria  Madre  have  hem  |>uh!tshcd 
in  tlie  |>ast  twenty  years  In  a«Mitiow.  studies  baie 
been  ma<le  of  tire  similar  Ijgutu  Madre  tie  T.onaiili 
pas  in  Mexico,  moth  of  the  Kn>  <  irathle  <  Hildebrand. 
1958 .  t Mum  not  .  J9hJ». 

The  earlier  biologists  who  vsrre  costcrmed  with 
tlie  laguna  Madre  were  interestnl  in  iletrmnmng  the 
identity  and.  to  «m*e  extent,  the  abundance  of  species, 
ami  elated  this  information  to  environmental  vm- 
ables,  but  more  recent  investigators  Have  l«-m  roo 
remed  with  such  matters  as  chlort^dwll.  phntnsyn- 
tbesis,  and  net  respiration  \\  bile  this  information  is 
useful,  many  rpiestions  of  peculiar  interest  for  our 
understanding  of  the  I-aguna  Madre  still  remain  to 
be  investigated.  This  is  especially  true  for  the  prob¬ 


lems  of  salinity  physiology  and  no  one  seems  to  have 
made  a  detailed  analysis  of  the  conifHisition  of  the 
water  itself.  N  et  the  Liguna  Madre  is  a  uniipie  en¬ 
vironment  in  many  ways,  not  the  least  lieing  its  com¬ 
parative  accessibility.  No  other  such  extreme  envi¬ 
ronment  except  the  salterns  of  San  Francisco  Bay 
or  ( ireat  Salt  Like  is  so  near  a  large  city  and  a 
research  station. 

FLORA  AND  l  ACNA 

Pile  Liguna  Madre  lies  I  let  wren  the  dunes  of  Padre 
Island  and  the  barren  mainland  flats.  Isolaterl  clumps 
of  salt  cedar  grow  on  the  mainland  shore,  hut  the 
oak -covered  ridges  of  the  northern  bay  shores  are 
absent.  The  bottom  of  the  Liguna  is  sand  or  mixed 
sand  and  silt  for  the  most  part,  grading  into  clay  in 
Baffin  Bay.  In  the  northern  and  southern  parts  of 
the  Liguna  there  are  extensive  patches  of  /b/>/iiw- 
thcria  wrii/hlii,  and  meadows  of  Tliolassui  tcstudinuiii 
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occur  in  the  southernmost  part  (South  Bay)  of  the 
I-aguna.  Ruppia  maritime  is  common  along  the  Intra- 
coastal  Waterway.  In  Baffin  Bay,  however,  rooted 
s|>erinato|>hyt.cs  .vere  not  observed  in  the  I950*s  al¬ 
though  Diplantheria  ivrightii  is  sparsely  present  at 
this  time  (1964):  algae  are  also  apparenily  sparse 
there  and  the  principal  plant  life  is  microscopic.  The 
flats  in  many  parts  of  the  Laguna  Madre,  especially 
along  the  I’atlie  Island  side,  are  covered  with  algal 
mat  communities  consisting  mostly  of  the  blue-green 
l.yni/bya  confervoides  (Sorensen  and  Conover,  1962). 
A  community  of  this  tyi>e  also  occurs  in  parts  of  the 
Laguna  Madre  de  Tamaulipas  (Hildebrand,  1958). 
When  such  algal  mats  occur  on  fine  calcareous  sedi¬ 
ments  in  hypersaline  environments,  stromatolite  struc¬ 
tures  may  be  formed,  as  in  Shark  Bay,  Western  Aus¬ 
tralia  (Logan,  1961).  This  combination  of  conditions 
lias  not  been  observed  in  Texas. 

In  the  southern  part  of  the  Laguna  Gracitaria 
blodgclti  is  the  most  conspicuous  macroscopic  alga; 
there  are  also  extensive  stands  of  PcniciHus  capitatus 
in  the  Tort  Isabel  area  when  temjwratures  and  salini¬ 
ties  arc  sufficiently  high  (Sorensen,  1963).  Acctabu- 
loriti  crcnulata  occurs  in  scattered  patches  throughout 
the  lower  Laguna  (Breuer,  1962).  F.ntcromorpha  and 
Cladophora  occur  sjioradically. 

The  plant  life  of  the  Laguna  if  highly  seasonal,  dy¬ 
ing  down  during  the  high  summer  temperatures  in 
August  and  Septemlier,  and  remaining  dormant  until 
spring.  The  macroscopic  algae  begin  to  appear  in 
February  and  the  grasses  start  to  grow  in  March. 
The  algae  are  restricted  to  the  southern  part  of  the 
Laguna. 

The  diatom  flora  of  Texas  bays,  as  represented  in 
fresh  sediment  samples,  lias  been  studied  by  Ferguson 
Wood  (1963).  A  preliminary  tabulation  of  his  list 
indicates  183  species  in  the  bays  adjacent  to  the 
Laguna  Madre  (principally  in  Aransas  and  Corpus 
Christi  Bays).  Since  the  listings  for  the  Laguna 
Madre  do  not  always  specify  which  part  of  the  La¬ 
guna,  all  such  records  were  combined,  producing  a 
total  of  129  species.  In  Baffin  Bay,  however,  only 
33  species  were  recorded,  of  which  22  were  found 
in  all  the  bays  of  the  area.  In  addition,  seven  species 
were  recorded  from  Baffin  Bay  and  from  such  bays 
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Fig.  J.  Site  distribution!  of  spotted  »ea  trout,  C.v 
nascion  nrbulosus,  in  upper  Laguna  Madre  (Simmons, 
1957). 


as  Aransas  and  Corpus  Christi  but  not  the  1-aguna 
Madre.  Ferguson  Wood  calls  attention  to  the  fre¬ 
quent  occurrence  of  species  of  Rhopalodia  in  Baffin 
Hay,  which  also  occur  in  fresh  water.  These  species 
are  found  in  all  of  the  three  environmental  categories 
tabulated.  Species  of  Amphora  are  abundant  and  fre¬ 
quently  dominant  in  the  upjier  Laguna  Mattre,  Aran¬ 
sas  Bav,  and  Redfisli  Bav. 

There  is  an  abundant  and  varied  fish  fauna  in  the 
various  parts  of  the  Laguna,  s  nd  our  best  faunal  in¬ 
formation  concerns  fishes.  This  is  primarily  due  to 
the  work  of  Gunter  (1945  and  later  papers),  and 
more  recent  studies  by  biologists  of  the  Texas  Game 
and  Fish  Commission  (now  the  Parks  and  Wildlife 
Department).  Among  the  resident  species  in  the 
Laguna  Madre  are  the  tenpounder  or  skipjack  ( Elops 
saurus),  anchovies  (Atichoa  spp.),  three  species  of 
cyprinodontids  (Fundulus  simUis,  F.  grandis,  and  Cy- 
prinodon  variegatus),  the  silversides  ( Mcnidia  bcryl- 
litta  peninstdae),  mullet  (Mugil  cephalus),  the  spotted 
sea  trout  (Cy noscion  ttcbulosus ),  and  the  black  drum 
( Pogonias  cromis).  These  species  are  known  to 
spawn  in  the  Laguna,  and  most  of  them  (except  the 
anchovies  and  possibly  the  cyprinodontids)  are  winter 
or  early  spring  spawners.  While  complete  data  are 
lacking,  it  appears  that  most  of  these  species  do  not 
spawn  in  concentrations  of  salinity  in  excess  of  45%* 
Some  of  them,  however,  probably  spawn  in  higher 
salinities;  an  atherinid  (Athcrinops  affittis  affittis)  can 
spawn  in  concentrations  of  72%*  but  the  young  die 
within  four  months  (Carpelan,  1955).  Many  other 
species  of  fish  spend  considerable  time  in  the  Laguna, 
but  do  not  spawn  there  and  usually  leave  in  summer 
during  temperature  and  salinity  rises.  Other  fish  are 
occasional  visitors.  Simmons  (1957)  listed  more  than 
70  species  of  fishes  occurring  in  the  upper  Laguna 
Madre.  Two  of  the  most  important  species  in  terms 
of  species  mass  and  representation  in  both  sports  and 
commercial  fisheries  are  the  redfish,  Sciacnops  occl- 
lata,  and  the  black  drum,  Pogonias  cromis.  The  life 
histories  of  these  species  in  the  Laguna  have  been  re¬ 
viewed  by  Simmons  and  Breuer  (1962).  The  redfish 
is  not  a  permanent  resident,  and  does  not  spawn  in 
the  Laguna,*  while  the  black  drum  does.  The  black 
drum  also  seems  to  withstand  higher  temperatures 
and  salinities,  although  older  fish  tend  to  become  de¬ 
formed  and  blind  in  the  highest  salinities.  Both  of 
these  speciesjare  sciaenids ;  another  fish  of  this  family, 
the  sea  trout,  Cynoscion  nebulosus,  is  also  an  impor¬ 
tant  game  fish  in  these  waters.  Simmons  (1957)  has 
pointed  out  the  occurrence  of  larger  sizes  in  the  saltier 
waters  of  the  Laguna  Madre  (Fig.  3),  indicating 
that  the  larger  fish  remain  in  the  Laguna  longer  or 
that  they  grow  larger  in  higher  salinities,  or  perhaps 
simply  that  they  tolerate  the  higher  salinities.  Gunter 
(1961a,  b)  has  summarized  some  of  the  aspects  of 
relations  of  organisms  to  salinity,  including  the  re¬ 
lationships  between  size  and  the  environmental  salin¬ 
ity  grndient.f  He  is  of  the  opinion  that  in  some  cases 
there  may  be  a  direct  relation  between  salinity  and 
size,  with  the  larger  individuals  at  higher  salinities. 


412 


estuaries:  ecology  and  poi-li.ations  jl 


The  living  invertebrates  of  the  Laguna  have  not 
been  so  thoroughly  studied  as  the  fishes.  Crustaceans 
of  several  species  are  abundant,  and  make  up  a  sig¬ 
nificant  part  of  the  food  for  several  species  of  fishes, 
especially  the  redfish.  Young  blue  crab,  Callinecles 
sapidus,  and  the  small  mud  crab,  Neopanope  texana, 
are  the  important  crabs.  Young  penaeids.  especially 
Penaeus  asiecus,  and  the  small  resident  grass  shrimp, 
Palacmonetes  intermedins,  are  the  most  important 
shrimp.  The  copepod,  Acartia  tonsa,  is  apparently  the 
most  abundant  plankton  organism  in  many  parts  of 
the  Laguna,  including  Baffin  Bay,  where  it  occurs 
in  salinities  as  high  as  80 Simmons  (1957)  re¬ 
ported  a  concentration  of  7  million  to  a  liter  on  one 
occasion.  (In  view  of  the  difficulty  that  some  work¬ 
ers  have  in  identifying  copepods,  it  can  be  pointed 
out  that  the  identification  of  Acartia  tonsa  has  been 
confirmed  by  Bowman  (1961).  No  other  species  of 
this  genus  has  been  identified  from  Laguna  waters. 
The  occurrence  of  A.  tonsa  in  high  salinities  in  Texas 
is  interesting  in  the  light  of  its  distribution  as  a  bay 
and  coastal  water  species  as  far  north  as  Cape  Coil) 
A.  tonsa  is  apparently  the  dominant  copepod  of  the 
Laguna  waters,  and  feeds  on  some  “reddish  submicro- 
scopic  plankters”.  It  is  important  as  a  food  item  for 
small  fish.  Another  copepod,  Metis  japonica,  is  com¬ 
mon.  but  not  so  abundant  (although  one  sample  con¬ 
tained  about  1  million  per  liter,  according  to  Sim¬ 
mons).  It  does  not  seem  to  be  as  important  as  a  food. 

Several  small  bivalves  are  common  in  various  parts 
of  the  Laguna,  and  constitute  a  major  clement  in  the 
diet  of  the  black  drum.  The  commonest  species  are 
Anomalocardia  cuneimcris  and  Mulinia  lateralis;  evi¬ 
dently  these  occur  in  extensive  beds  although  there 
is  no  clear  information  on  the  locations  of  these  beds 
or  the  density  of  molluscs  per  unit  area.  Other  spe¬ 
cies  mostly  associated  with  the  grassy  areas  of  the 
Laguna  are  Brachidontcs  cxiistus,  Aeqnipccten  irra- 
dians  am plico status,  Lacvicardium  mortoni,  and,  es¬ 
pecially  in  the  Port  Isabel  area,  Ckiotie  canccllata. 
Little  attention  seems  to  have  been  paid  to  gastropods, 
and  even  less  to  worms  and  other  invertebrates.  It  is 
obvious  that  a  thorough  quantitative  study  of  the 
ltenthic  organisms  in  the  Laguna  would  be  of  con¬ 
siderable  value,  especially  in  view  of  costly  proposals 
to  rehabilitate  certain  areas  as  nursery  and  feeding 
grounds  for  desirable  species  of  fishes. 

Parker  (1959,  1960)  has  described  molluscan  as¬ 
semblages  for  various  regions  of  the  Laguna  Madre 
as  potential  indicator  groups  for  certain  ecological 
conditions.  Since  these  studies  were  carried  out  pri¬ 
marily  for  the  benefit  of  paleontologists,  those  organ¬ 
isms  most  likely  to  contribute  to  the  fossil  record,  es- 
l>ecialiy  the  molluscs,  were  studied.  The  distribution 
of  several  species  is  indicated  as  characteristic  of  cer¬ 
tain  environments  in  both  these  papers.  No  reason  is 
given  for  extending  the  environment  of  Amygdalum 
papyria  some  twenty-five  miles  be)  ond  the  indicated 
records  for  living  specimens,  while  at  the  same  time 
the  distribution  of  l.aevicardium  mortoni  is  at  least 
ten  miles  short  of  the  posted  occurrence  of  living  ani¬ 


mals  (compare  Figures  25a  and  b  in  Parker,  1959). 
The  lower  Laguna  is  characterized  by  Parker  as 
"open  hypersaline  lagoon”  although  it  is  abundantly- 
populated  by  two  species  ( Anomalocardia  cuneimcris 
and  Tellina  tampaensis)  indicated  on  his  Figures 
27  a  and  b  as  "characteristic  of  enclosed  hvpersaline 
environment”,  and  the  environment  is  indicated  as 
more  or  less  continuous  with  the  northern  Laguna 
Madre,  but  also  exclusive  of  extensive  areas  in  the 
southern  Laguna  from  which  living  specimens  have 
been  taken.  These  species  may  well  lie  characteristic 
of  the  environments  suggested,  but  they  are  evidently 
also  characteristic  of  slightly  different  conditions,  or 
perhaps,  the  subdivisions  suggested  are  not  as  well 
defined  ecologically  as  geographically.  Examination 
of  lists  of  “characteristic”  species  (Table  2)  suggests 
that  the  differences  indicated  by  these  characteristic 
species  may  be  subjective,  if  these  lists  have  been  com¬ 
piled  from  essentially  the  same  data. 

It  is  unfortunate  that  more  detailed  studies  of  liv¬ 
ing  communities  could  not  have  been  made  before  the 
recent  changes  in  the  Laguna  Madre,  as  it  is  now- 
difficult  to  assess  the  significance  of  the  somewhat 
divergent  results  set  forth  in  the  papers  of  Parker 
(1959.  1960),  Breuer  (1957,  1962),  and  Simmons 
(1957)  (Table  3).  While  it  is  probable  that  these 
various  authors  were  studying  the  same  place,  it  is 
obvious  that  different  types  of  collecting  and  different 
interests  can  produce  results  which  are  not  comple¬ 
mentary.  Part  of  the  difficulty  is,  of  course,  the  re¬ 
liance  upon  dead  or  “freshly  dead”  material  that  may¬ 
be  carried  to  other  areas  by  winds  and  currents,  or 
possibly  by  fish.  Ernest  G.  Simmons  (  personal  corre¬ 
spondence)  writes:  “I  am  highly  suspicious  of  ‘dead’ 
shells  as  I  have  seen  too  many  small  shells  pass  un¬ 
disturbed  through  the  digestive  tract  "I  large  drum.” 

Baffin  Bay 

In  both  persistence  of  higher  salinities  and  in  sedi¬ 
ment  characteristics,  Baffin  Bay  is  somewhat  apart 
from  the  two  main  parts  of  the  Laguna  Madre.  It  is 
in  this  part  of  the  Laguna  Madre  system  that  organ¬ 
isms  meet  the  greatest  environmental  stress :  while 
the  flora  and  fauna  are  reduced  in  numbers,  the  abun¬ 
dances  ol  some  of  the  species  present  are  very  high. 

Observations  were  made  by  Breuer  (1957)  in  the 
Raffin  Bay-Alazan  Bay  area  during  1951-1953  as 
part  of  the  Texas  Game  and  Fish  Commission’s  en¬ 
vironmental  studies  of  the  Laguna  Madre  complex. 
Salinities  during  that  period  ranged  from  a  low  of 
1.40  to  a  high  of  75.05%r;  the  mean  during  the  period 
of  the  study  was  51.68%,,.  The  extremes  were  for  the 
same  station  at  the  head  of  Alazan  Bay.  Breuer  con¬ 
sidered  the  following  organisms  to  be  “norma1  resi¬ 
dents  of  the  area” : 

Diatoms  Pisces 

Navicula  sp.  Ariidae 

Amphiprora  apaiudosa  Galeichthys  filis 

Dinoflagellates  Cyprinodontidae 

Ceratium  hirundinella  Cyprinodon  variegatus 
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Codentcrata 
Phortis  sp. 

Ctenophora 
Beroe  ovata 
Mollusca 
Mulinia  lateralis 
Copepoda 
Acartia  tons  a 
Cirripedia 

Balanus  eburneus 
Amphipoda 

Catnmarus  mucronatus 
Decapods 
P emit' us  astecus 
Callinectes  sapidus 


Atherinidae 
Menidia  beryllina 
penitisulae 
Mugilidae 
Mugil  ccphalus 
Spariidae 

Lagodon  rhomboides 
Sciaenidae 
Cynoscion  ncbulosus 
Sciacnops  ocellata 
Micropogon  undid  at  us 
Pogonias  cron.is 
Bothidae 
Paralichthys 
lethostigma 


Most  of  these  species  are  known  to  occur  in  s«!'  a- 
ties  in  excess  of  60%*,  although  Simmon?  (1957) 
stated  of  the  redfish,  Sciaenops  ocellata,  tfiat  “popu¬ 
lations  were  severely  limited  by  salinity  of  50%«  or 
above.”  Breuer  found  few  living  Mulinic  lateralis 
and  apparently  no  living  Anomalocardia  cuneimcris 
during  his  study.  Breuer  (19571  suggested  that  the 
absence  of  living  molluscs  during  the  period  of  his 
survey  was  due  to  pollution  from  a  large  celanese 
plant  whose  effluent  drained  into  Baffir  Bay. 

According  to  earlier  observations  (Hedgpeth,  1953), 
at  least  two  species  of  polychaetes,  Nereis  pelagica 
occidentals  and  Pol  yd  or  a  hgni,  occurred  in  Baffin 
Bay,  as  well  as  two  species  of  ainphipods,  Podocerus 
brasilicnxis  and  Gratulidicrella  bonnieroides,  not  men¬ 
tioned  by  Breuer.  A  green  alga,  possibly  Chaeto- 


m^rpka,  has  been  observed  on  pilings  at  various  parts 
of  the  Laguna;  Breuer  mentions  the  occurrence  of 
“  Enteromorpha  and  Cladophora" ,  but  does  not  con¬ 
sider  them  part  of  the  "normal  residents”  as  he  states 
they  “are  kept  down  by  radical  changes  in  salinity.” 
As  noted  above,  at  least  33  species  of  diatoms  occur 
in  Baffin  Bay,  some  of  them  abundantly.  On  a  map 
published  in  Odum  and  Hoskin  (1958),  but  without 
further  explanation  in  the  text,  Baffin  Bay  is  labeled 
a  “nannoplankton-clay”  ecosystem.  Nannoplankton 
as  such,  however,  does  not  appear  to  have  been 
studied. 

A  most  interesting  puzzle  is  the  frequent  occurrence 
of  considerable  numbers  of  the  Leptomedusan  “ Phor - 
lir”  or  Hirena.  This  medusa  has  a  hydroici  stage,  but 
:>  hvdroids  have  been  observed  in  the  adjacent 

guna  Madre  or  Baffin  Bay.  It  could  be  a  small 
hydroid  epizoic  on  other  hydroids  or  some  substrate. 
VVhi.t  can  this  medusa  be  feeding  on?  It  is  also 
worthy  ,->f  comment  that  Nemopsis  bachci  has  been 
found  >:i  the  Laguna  up  to  salinities  of  75-80%c;  the 
hydroid  of  this  medusa  is  a  Bougainvillea.  Hydroids 
of  this  genus  are  common  in  Texas  coastal  waters, 
and  B.  niobe  (det.  by  C.  Cutress)  was  collected  in  the 
upper  Laguna  in  1958  and  1959  ( fide  E.  G.  Simmons). 

The  absence  of  Artemia  from  Baffin  Bay  has  been 
attributed  by  Hedgpeth  (1957)  to  possible  predation 
by  fishes,  since  salinities  would  seem  favorable  for 
this  organism.  It  seems  more  likely,  however,  that 
the  dietary  needs  of  the  brine  shrimp  are  not  met  in 
Baffin  Bay.  Brine  shrimp  were  also  absent  from  the 
Laguna  Madre  de  Tamaulipas,  according  to  Hilde- 


Table  2.  Species  considered  characteristic  of  environments  of  the  Laguna  Madre. 


Inlet-influenced,  hypersaline  lagoon 


fa)  (b) 

Parker,  1959  Parker,  I960 


GASTROPODA 


Anachis  avara  scmiplicata 
Anomia  simplex 
Bulla  striata 
(— nffiWc.i.'a/i.r)1 
Crcpidula  ylauca  convexa 
Littorina  nebulosa 
Nassarius  vibex 
Ncritina  virginea 
Turbonilla  interrupts 


Bittium  varium 
Caecum  pulrh/Uum' 
Centhidca  pliculosa’ 
Haminoeu  succinea ' 
Modulus  modulus’ 
Tegula  fasciata 
V rrmicularia  fargoi 


PELECVPODA 

Abra  acqualis  Amygdalum  pafyria * 

Acquipcctcn  i.  amplicostatus  Anomalocardia  cuneimeris* 
Anadara  transa’ersa  Laevicardium  mortoni 

A  Irina  seminuda’  Phacoides  pcctinatus 

Chinne  cancellata  Pscudocyrcne  fioridana’ 

Cvrloplcura  enstata 
Macoma  lento * 

Nuculona  acuta 
Ostrca  equcslris 


0])cn  hypcrsaline  lagoon 


(c)  (d)‘ 

Parker,  1959  Parker,  I960 


GASTROPODA 


Bittium  varium 
Haminoea  succinea ‘ 
Mitrella  lunata 
Truncatella  pule  hello *’* 


Caecum  puli  helium' 
Cerithidea  pliculestf 
Cerithium  variabile ’ 
Haminoea  succinetd 
Modulus  modulus’ 

V rrmicularia  fargoi ’ 


PELECYPODA 


Amygdalum  papyria 
Brachidontes  citrinus 
Laevicardium  mortoni 
Macoma  brexifrons 
Moctra  fragilis 
Tagelus  dk'isus’ 
Tellina  tampaensis 


Amygdalum  papyria 
Anomalocardia  cuneimeris 
Laevicardium  mortoni 
Phacoides  pectinatus 
Pseudocyrene  fioridana 
Tellina  tampaensis 


1  Thu  column  has  been  developed  from  the  caption  for  Plate  3,  Fifure  1  in  Parker,  I960,  became  there  it  no  teat  for  this  environment. 
Parker  (1960,  p  316)  Haled  that  eoroe  of  tile  characteristic  ipedea  bated  for  (b)  are  illuitrated  on  this  plate.  This  leave*  only  two 
species  in  (d)  not  listed  in  (b). 

•  Not  listed  as  found  in  this  environment  by  Parker  (1959.  Table  II,  pp.  2164  2166). 

*LI«ted  only  u  dead  shells  in  Parker's  Table  II  (above)  for  the  environment  stated 
•A  maritime  or  halophilic,  but  not  aquatic,  species  (Clench  and  Turner,  194S). 
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Table  3.  Common  or  "characteristic”  molluscs  of  the  Laguna  Madre. 


“Open  hypersaline”  species  listed  as  “characteristic”  by 

Parker  (1959) ;  found  in  “lower  Laguna”  (north  of  Listed  for  “enclosed  hypersaline”  by  Parker  (1959)  ; 

Three  Islands)  by  Breuer  (1962)  "upper  Laguna"  by  Simmons  (1957) 


Parker  Breuer  Parker  Simmons 


Bitltum  turnon 


Hamir.oea  sueeinea' 
Mitrrlla  lunatu 

Truncatella  pule  hello ’•* 

Amygdalum  papyria 
[Anomulocardio 
cuiuimerijy 
Brachidontes  citrmus 

Loevieardium  morloni 
Macoma  brevifrons 

M^ctra  fragilis 
\Mulinia  Lilrralis  1* 
Pseudocyrene  floridona 
T agclvs  dnisus 
Tellino  tampaensis 


Anomalocardia  cur.eimcris 

E?isis  minor' •' 
Loevieardium  morloni 


Mulinia  lateralis 
Polymesoda  floridona i* 


Cerithium  variabitc 

Anomalocardia  euncimeris 

Mulinic  Ictcrolis 
Tellino  tampaensis 


Uittium  varium 
( fide  Parker)1 

Udustomia  bisuturalis  (“  ”) 

Anomalocardia  cuneimrris 

Macoma  brevijrons 
( fide  Parker)1 

Mulinia  lateralis 
Pseudccyrene  floridona 

Tellina  tampaensis 


Note*,  on  fcui*  of  Latins  iu  ?ark«  <1959,  lshie  If,  pagti  2164-2166). 

1  Listed  only  as  dead  shells. 

1  This  is  not  a  marine  mollusc ;  it  lives  on  land  near  shore. 

*  These  species  not  included  in  Parker's  list,  p.  2144,  as  “characteristic"  of  this  cnvironmei  t,  but  given  equal  abundance  rating  in 
Table  II  for  both  regions. 

*  Not  recorded  by  Parker  as  living  or  deed  for  fits'  cttvtrf  -urent. 

*  Polymenda  is  a  synonym  of  Psendocyrnu. 


brand  ( 1958 ).  but  they  have  since  made  their  appear¬ 
ance.  Concerning  changes  in  tht  Mexican  Laguna, 
Hildebrand  informed  me  (in  «  le.tet  Jaied  June  a  1, 
1964 ) :  “Conditions  are  far  different  than  during  my 
earlier  work  reported  in  1958.  Iu  the  fall  of  1960. 
Eighth  Pass  closed  and  it  has  remained  closed  except 
for  a  brief  period  after  Carla  [the  hurricane  of  1961]. 
The  Laguna  now  produces  no  commercin'  fishes  ."nil 
on  my  last  trip  on  January  9,  1964,  it  contained  a 
number  of  brine  shrimp.  flomchcw.  Cypeinodon  vurit  - 
gains  and  the  silverside,  Mcnidia  beryllina,  have  been 
able  to  maintain  a  population  around  Punta  Piedras 
despite  salinities  ranging  above  100  parts  per  thousand 
for  more  than  two  ys.rs."  It  :s  possible  t’  >t  suit  bk 
algae  for  Artcmia  are  not  usually  present  in  these 
coastal  hypersaline  Lagoons;  Carpeian  (1964)  has 
pointed  out  the  interrelationships  between  salinity  and 
other  factors  in  limiting  algal  disHbufior,.  The  br.ne 
fly,  Ephydra,  has  not  been  reported  from  Baffin  Ray, 
hut  Hildebrand  found  it  abundant  in  the  noithern. 
most  saline  part  of  the  Laguna  Madre  de  Tamauiipas. 

As  previously  noted  (Hedgpeth,  1953,  1959)  the 
Laguna  Madre  has  several  similarities  to  the  Sivash 
or  Putrid  Sea  lying  to  the  southwest  of  the  Sea  of 
Aiov  (Zenkevitch,  1963),  In  the  more  saline  regions 
of  the  Sivash  the  macroscopic  biota  is  reduced  to 
Artemia,  Chironomus,  and  Chidopltora.  The  Sivash, 
however,  adjoins  a  body  of  water  whose  average 
salinity  is  about  one-third  that  of  sea  water.  Less 
saline  parts  of  the  Sivash,  like  Baffin  Bay,  may  have 
dense  stands  of  small  molluscs,  which  support  large 


fish  populat.jns.  Possibly,  as  suggested  by  Vorobieff 
(1940),  the  annual  production  of  this  mollusc  bi- 
ocoenosis  in  the  Sivash  is  consumed  by  fish. 

The  Fuunal  Gradient  Related  to  Salinity 

In  the  L'guna  Madre  there  are  at  least  25  species 
of  animals  that  persist  or  withstand  concentrations  of 
75-SO/L.  Some  of  these  also  occur  in  salinities  as  low 
as  \5%o  (e.g.  Ncmopsis  bachei,  Acartia  tonsa,  Ba- 
lamts  eburncus,  and  most  of  the  fi-l’Cj).  Above  80%  c 
there  is  a  small  hardy  group  of  organisms  that  may 
withstand  even  higher  salinities.  The  environmental 
salinity  ranges  of  those  species  commonly  occurring 
abc  e  5%c  arc  indicated  in  Table  4.  The  lower  dis¬ 
tribution  limits  are  those  actually  recorded  for  south 
Texas  waters  from  San  Antonio  Bay  southward :  a 
number  of  the  species  aie  known  to  occur  in  lower 
salinities  than  stated,  hut  with  the  exception  of  the 
fish  (Gunter,  1945a,  b;  Summons,  1957),  field  salini¬ 
ties  nave  not  been  .  .corded  in  several  cases.  There 
are  probably  mere  species  with  such  field  tolerances ; 
what  is  particularly  interesting  i  the  broad  range  in 
which  the  species  have  be  ‘n  observed  in  nature.  With 
the  possible  exception  of  the  as  yet  uLdentified  me¬ 
dusa,  Eircnc,  no  endemic  specie^  restricted  to  higher 
salinities  have  been  found  in  the  Laguna  Madre. 

The  field  data  also  indicate  that  .vithi.i  the  range 
of  50-70  %,  more  species  are  found  in  1  wer  tempera¬ 
tures  (Fig.  4).  However,  ihis  is  probably  more 
an  indication  of  migration  out  of  the  hvpersaline 
areas  during  high  summer  temperatures  than  of  a 
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physiological  relationship  between  temperature  and 
salinity  tolerance.  As  Carpelan  (1964)  has  empha¬ 
sized,  organisms  in  a  natural  salinity  gradient  may 
distribute  themselves  according  to  salinity  optima,  and 
further,  salinity  per  se  is  not  the  only — or  possibly 
even  principal — factor  in  many  distributions  in  nature. 

In  salterns  and  landlocked  inland  saline  waters 


there  are  organisms  that  may  occur  in  nearly  satu¬ 
rated  brine  (Hedgpeth,  3959).  A  few  of  these  may 
run  the  gjimut  from  fresh  water  to  saturation,  as  was 
originally  suggested  by  Remane  in  1934  in  the  “holo- 
euryhaline”  part  of  his  diagram.  This  diagram  has 
often  been  quoted  without  the  solid  black  bar  for 
"hoioeuryhaline  species”  across  the  bottom  (Remane 


Table  4.  Recorded  occurrence  in  salinities  of  45%c  and  above,  of  certain  metazoa  in  bays  and  lagoons  of 
the  northwestern  Gulf  of  Mexico. 
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COELENTERATA 
Aurelia  aurila 
Stomotophus  meleagris 
Gonionetnus  mnrbachi 
Ncmopsis  bachci 
Eircne  (as  Phorli/)  sp. 
CTENOFHORA 
Bcroc  orata 
Mnetniopsis  mccradvi 
ANNELIDA  -  POLYCHAETA 
Nereis  pelagiea  occidcntalts 
Polydora  ligni 

ARTHROPODA  -  COPEPODA 

Acartia  tonsa  - -  ■ 

Metis  japnnica 

ARTHROPODA  -  C1RRIPEDIA 
Balanus  eburncus 
Balauus  amphitritc 
ARTHROPODA  -  AMPHIPODA 
Gammarus  mucronatus 
Podoccrus  brasiliensis 
Grandidicrclla  bonneroides 
ARTHROPODA  -  DECAPODA 
Penaeus  ictiferus  __ 

Penaeus  astecus  — 

Penaeus  duorarum  — 

Pataemonetes  intermedins  - 

Neoponope  texana  texana 
CaUinectes  sapidus  — — 

Callinectes  danae 

MOLLUSC A  -  PELECYPODA 
Mulinia  lateralis 
Anomalocardia  cuneitneris 
CHORDATA  -  ELASMOBRANCHII 
Rhinoptera  bonasus 
CHORDATA  -  TELEOSTEI 
Goleiehthys  fclis  — 

Elops  svirtis  ■■■ 

Brcvoortia  gunteri  — 

Breroortia  patronus 

Aitehoa  hepsetus  - 

Pundulus  similis  ■  ■— 

C vprinodon  variegatus  -  — 

Menidia  beryltina  peninsulae  ____ 
Mugil  cephalus  _____ 

Caranx  hippos  ■  — 

Orthopristes  chrysopterus 
Lagodon  rhomboides  — — 

t'yHOjrioH  nebulosus  — 

Poganias  ehromis  . 

M'-'ropogon  undulatus  ____ 

Leiostoinus  xanthurus  ___ 

Paraliehthys  lethostigma  _ 

Paralichthvs  albigutta 
Cilhariehthys  spiloptenis  ■ 
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SALINITY 

Fig.  4.  Species  abundance  in  various  temperatures  am! 
salinities  (Simmons,  19S7). 

and  Schlieper,  1958).  Such  species  do  exist,  although 
there  are  probably  very  few  that  occur  from  0  to 
31026;  many  of  these  are  flagellates  and  other  small 
organisms  and  it  is  difficult  to  be  certain  of  their 
precise  identity  in  every  case.  These  holoeuryhatine 
species  may,  however,  be  absent  from  sea  water,  and 
therefore  represent  a  different  group  than  the  "ultra¬ 
haline"  species  in  such  places  as  the  Laguna  Madre 
and  the  Sivash,  which  range  from  fairly  low  salinities 
through  oceanic  concentrations  ( anti,  in  many  cases 
in  the  ocean)  to  the  hypersaline  bats  and  lagoons. 
Some  of  these  s|»ecies  are  in  turn  distinct  from  the 
“brackish  water"  species,  primarily  endemics  of  the 
Baltic  and  similar  areas.  Thus  it  appears  that  Re¬ 
mane's  diagram  should  be  modified,  or  amended,  some¬ 
what  in  the  manner  suggested  in  Figure  5.  (For 
another  modification  of  this  diagram,  for  the  Caspian 
basin  fauna,  see  Fig.  10,  p.  166  in  Mordukhai  - Boltov  - 
skoi,  19(4.) 

IXOSYSTKMATICS 

For  the  past  several  years  (1956  through  1962) 
the  ecosystem  approach  to  problems  of  estuarine  ecol¬ 
ogy  has  been  emphasized  by  Odum  and  his  students 
at  the  Institute  of  Marine  Science  at  Port  Aransas. 
Measurements  of  light,  oxygen,  pH,  chlorophyll,  and 
similar  variables  have  been  made  in  various  bays 


and  ponds,  including  the  upper  Laguna  Madre  and 
Baffin  Bay  (Odum  and  Hoskin,  1958;  Odum  et  al., 
1958;  Park  et  al.,  1958;  Wilson,  1961;  Odum  and 
Wilson,  1962;  Odum,  Cuzon  et  al.,  1963).  An  at¬ 
tempt  to  correlate  such  measurements  with  biomass 
data,  especially  of  the  fish,  was  made  by  Hellier 
(1962),  and  small-scale  e>  perimental  systems  were 
set  up  as  analogues  (Odum,  Siler  et  al.,  1963). 

This  work  has  consisted  principally  of  various  kinds 
of  measurements  at  various  seasons  and  conditions  of 
weather.  These  have  usually  been  nuts  for  a  period 
of  time,  perhaps  24  hours,  to  indicate  diurnal  vari¬ 
ations.  While  the  individual  sets  of  observations  may 
cover  an  entire  day,  it  appears  that  there  are  few 
periods  of  sustained  observation.  In  the  Baffin  Bay 
data,  for  example,  there  are  two  eight-month  gaps 
in  data  for  a  four-year  period,  and  a  total  of  18  sets 
of  observations  for  the  entire  four  years.  The  upper 
Laguna  Madre  is  represented  by  thirty  such  sets  of 
observations  from  late  1956  to  the  end  of  I960.  These 
data  are  summarized  in  terms  of  photosynthesis  and 
respiration. 

The  Laguna  Madre  is  characterized  as  a  “thin  grass 
system” ;  the  data  summarized  are  those  for  the  upper 
Laguna  Madre.  The  biological  system  of  this  area 
is  described  by  Odum  and  Wilson  ( 1962)  as  follows : 

“The  upiier  Laguna  Madre  in  the  study  area 
is  carpeted  with  a  firm  bottom  and  fine  grass  in 
water  about  one  meter  in  depth.  In  the  dry- 
years  with  the  salinity  above  40  %c  this  grass 
was  almost  exclusively  composed  of  Uiplanthera 
urightii,  but  during  the  relatively  wet  year  of 
1959  considerable  Kuppia  manhma  developed, 
diminishing  again  in  1960. 

"Only  in  summer  I960  were  dense  mats  of  dead 
grass  observed  accumulating.  In  general,  con¬ 
sumption  and  production  were  closely  correlated. 
There  was  an  immense  difference  between  the 
winter  and  the  summer.  Whereas  96,000  foot 
candle-hours  were  received  on  a  representative 
summer  day  July  25,  19(,-0,  only  4500  foot  candle- 
hours  were  received  on  a  cloudy  winter  day 
Dec.  8,  1960,  and  19,500  foot  candle-hours  on  a 
clear  day  in  winter,  Dec.  28,  1961.  The  low 
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Fig  5.  Suggested  extrapolation  of  Remane’s  curse 
through  the  entire  salinity  spectrum. 
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winter  photosynthetic  productivities  thus  were 
correlated  with  winter  cloudiness  and  short  days. 
Unlike  Florida  at  a  similar  latitude,  the  cloudi¬ 
ness  in  Texas  was  maximal  in  winter.  There  was 
thus  a  tremendous  annual  pulse  in  the  energy 
entering  the  biological  system.  The  observed 
photosynthesis  reflects  this  cloudiness.  The  close 
correspondence  of  respiration  with  photosynthesis 
without  lag  suggests  that  the  life  cycles  of  the 
organism  are  sufficiently  adjusted  to  provide  al¬ 
most  simultaneous  increase  and  decrease  of  con¬ 
sumer  populations  to  maintain  equivalence  of 
P  [Photosynthesis]  and  R  [Respiration],  The 
migration  of  mullet,  shrimp,  crabs  and  other  con¬ 
sumers  from  the  Laguna  (Hellier,  1962)  is  a 
part  of  this  system  which  diminishes  winter  me¬ 
tabolism  as  the  photosynthesis  drops.  There  is 
relatively  little  lag. 

"The  temperature  sequence  parallels  photosyn¬ 
thesis  only  in  part.  Productivities  fall  rapidly 
after  July  whereas  temperature  does  not  di¬ 
minish  appreciably  until  November.  Although 
the  decrease  in  salinity  produced  some  differ¬ 
ences  in  plant  type,  gross  photosynthesis  was 
little  affected.” 

Although  Odum  and  Hoskin  (1958)  labeled  the 
Baffin  Bay  area  as  a  “nannoplankton-clay”  system, 
this  terminology  is  not  referred  to  in  the  later  paper 
by  Odum  and  Wilson  (1962).  The  situation  in  Baffin 
Bay  is  referred  to  in  the  following  terms:  "Baffin 
Bay  is  in  a  very  arid  area  and  was  observed  with  an 
excess  of  respiration  over  photosynthesis  for  extended 
lieriods.  The  bay  was  continuously  turbid  suggesting 
a  runoff  of  organic  matter  after  cloudbursts  over  the 
arid  lands  of  the  surrounding  King  Ranch,  little- 
covered  with  vegetation.  Whereas  the  rains  coming 
in  floods  were  not  frequent  enough  to  equal  evapora¬ 
tion,  runoff  was  apparently  adequate  to  supply  the 
bay  with  enough  particulate  and  other  organic  matter 
to  maintain  consumption  :r.  excess  of  photosynthesis" 
lOdum  and  Wilson.  1962').  High  concentrations  of 
organic  matter  in  Baffin  Bay  are  accompanied  bv  this 
excess  of  respiration  over  photosynthesis.  The  ob¬ 
served  data  are  summarized  in  Figure  6. 
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Fig.  6  Photosynthesis,  respiration,  and  salinity  in  Baf¬ 
fin  Bay.  ha »eil  an  a  aeries  of  18  arts  of  observation* 
( Odum  and  Wilson,  1962). 


Fig.  7.  Biomass  and  production,  upper  Laguna  Mad  re 
(Hellier,  1962). 


According  to  these  authors  there  is  also  a  recycling 
of  nutrients  in  highly  saline  bays  with  limited  circula¬ 
tion. 

Hellier’s  (1962)  study  is  a  comparison  of  data  on 
fish  catches  and  metabolic  measurements  at  monthly 
standard  stations  in  the  upper  Laguna  Madre.  The 
fishes  were  caught  by  a  large  drop  net  which  pro¬ 
vided  some  data  per  unit  area,  although  small  fish, 
young  shrimp,  and  jellyfish  were  not  included  in  the 
catches.  No  effort  was  made  to  sample  the  infauna. 
The  basic  information  from  this  study  is  presented  in 
Figure  7. 

Concerning  these  curves,  Hellier  states : 

“The  curves  show  a  comparison  of  fish  biomass 
to  gross  plant  production.  A  correlation  between 
the  biomass  of  fishes  present  and  gross  plant  pro¬ 
duction  is  illustrated  by  these  curves.  In  exam- 
ing  the  curves,  one  can  see  a  tendency  for  the 
biomass  of  fishes  to  follow  the  curve  of  photo¬ 
synthesis  without  much  lag  during  the  spring 
months.  This  tendency  was  primarily  due  to  a 
rapid  influx  of  young  of  the  year  fishes.  Thus 
the  extreme  decline  in  biomass  after  the  spring 
(teak  may  at  least  in  part  be  a  function  of  the 
availability  of  food  as  expressed  by  the  rate  of 
pintosynthesis.  The  biomass  is  also  correlated 
with  the  temperature  and  salinity  curve*.  There¬ 
fore  it  is  possible  that  several  factors  interact  to 
control  fish  btomass  and  production.  In  other 
years  curves  of  gross  phot  osynthesis  were  simi¬ 
lar  although  salinity  rgimes  were  very  different 
(Odum  and  Wilson,  1962). 

“Gross  annual  pbotosyntnetic  production  in  the 
Laguna  Madre.  taken  as  the  area  under  the  curve 
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of  photosynthesis  was  4177  g/m2/yr  wet  weight 
or  3.1  g/m*/yr  dry  weight.  The  calculated  effi¬ 
ciency  of  conversion  of  gross  plant  production 
into  fish  production  on  a  dry  weight  basis  would 
then  be  0.074  percent.” 

The  most  obvious  thing  about  these  ecosystem  data 
is  that  the  values  of  the  various  variables  rise  and 
fall  with  the  progression  of  the  seasons.  Thus  it  can¬ 
not  be  stated  whether  temperature  or  salinity  per  se 
have  any  control  over  the  system ;  indications  are  that 
the  systems  are  not  directly  dependent  upon  tempera¬ 
ture,  and  they  also  seem  independent  of  salinity.  Al¬ 
though  there  are  many  gaps  in  the  data  which  must 
be  filled  before  we  have  a  picture  of  the  whole  sea¬ 
sonal  process  in  the  ecosystem,  Odum  and  his  col¬ 
leagues  are  obviously  of  the  opinion  that  the  best 
index  of  the  ecosystem  is  gross  photosynthesis.  Un¬ 
doubtedly  it  tells  us  something  about  what  is  going 
on,  but  it  is  doubtful  that  it  is  the  entire  story.  Cer¬ 
tainly  the  old-fashioned  naturalist  would  like  t  >  have 
a  more  complete  range  of  inf>.  rotation,  no  matter  how 
much  he  may  agree  that  “spreading  over  the  earth 
in  vast  variety  are  endless  ecosystems  making  eco¬ 
logical  magic  from  sunbeams.’’  After  all,  as  another 
poet  so  eloquently  put  it,  other  things  are  going  on  in 
the  ocean,  that, 

“.  . .  unfathom’d  waste  of  agony, 

Where  millions  live  their  horrid  lives  by  making 
other  millions  die.”' 

On  the  assumption  that  photosynthesis  is  indeed  the 
measure  of  an  ecosystem  and  that  increasing  photo¬ 
synthesis  will  improve  the  ecosystem  for  our  an¬ 
thropocentric  puip  ses,  Odum  and  Wilson  (1962) 
suggest:  “To  produce  maximum  total  photosynthesis 
in  all  of  the  waters  of  Texas,  measures  for  manage¬ 
ment  should  include:  reducing  turbidity,  eliminating 
irregular  flushing  of  flood  waters,  developing  grass 
bottoms,  retaining  wind  driven  circulation,  and  ad¬ 
justing  water  4=*nths  of  shallow  and  deep  areas  to¬ 
wards  an  average  "-^th  of  0.5  m.” 

This  has  inspired  an  indignant  protest  from  Rounse- 
fell  ( 19631,  who  states:  “Interpreted  realistically  this 
means  removing  the  most  important  cog  from  the 
estuarine-continental  shelf  complex  and  substituting 
therefor  a  polluted  basin  of  green  slime.  The  best 
current  example  of  such  a  basin  is  the  upper  Laguna 
Madre,  with  a  salinity  higher  than  the  oceans,  vast 
schools  of  unfished  slime-eating  mullet  and  schools  of 
black  drum  ( Pogonias  crumis)  that  the  state  must 
contract  to  have  removed  (Simmons  and  Breuer. 
1962).  About  every  four  or  five  years  a  cold  ‘norther’ 
kills  most  of  the  fish  in  this  shallow  ‘ideal’  fish  pond." 

Perhaps  we  are  taking  these  recommendations  more 
seriously  than  they  were  intended  to  be  taken,  for 
there  are  inevitable  gaps  between  theory  and  practice 
in  most  lines  of  human  endeavor.  In  this  case  the  gap 
between  the  ideal  and  the  practical  is  also  accom¬ 
panied  by  a  large  gap  in  our  knowledge.  So  large, 
in  fact,  that  we  cannot  concede  that  photosynthesis  is 
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the  ideal  measure  of  the  practical.  Certainly  an  eco¬ 
system  in  which  nothing  much  more  besides  photo¬ 
synthesis  and  plant  respiration  is  going  on  is  not  the 
most  interesting  system  ecologically,  whether  it  pro¬ 
ceeds  at  the  optimum  efficiency  for  maximum  output 
or  not.  <  Odum  and  Pinkerton  (1955)  have  elabo¬ 
rated  on  this  idea.)  Furthermore;  it  would  not  appeal 
to  public  interest  to  spend  $7,150,000  to  “improve" 
such  an  ecosystem  by  increasing  output  of  plant  ma¬ 
terial  at  the  expense  of  ecological  diversity. 

None  of  this  is  intended  to  imply  that  this  work  is 
not  valuable  or  that  it  should  not  be  done.  It  is  part 
of  what  should  be  done,  but  it  needs  to  be  done  more 
consistently  for  longer  consecutive  periods  of  time, 
in  conjunction  with  biomass  studies  of  both  plankton 
and  benthos  and  with  quantitative  studies  of  the  nek- 
tonic  elements  of  the  system.  This  is  a  large  order, 
but  until  it  is  done  we  cannot  say  that  one  index  num¬ 
ber  is  more  valid  than  the  other  for  characterizing  a 
complex  natural  system.  The  Laguna  Madre  has  cer¬ 
tain  simple  features  in  spite  of,  or  because  of,  its 
salinity ;  it  is  an  ideal  place  for  such  a  complex  and 
detailed  pilot  study. 

SUMMARY 

Since  this  paper  is  a  summary  of  work  done  in  and 
around  the  Laguna  Madre  in  the  last  two  decades,  it 
seems  in  order  to  emphasize  what  still  remains  to  lie 
done. 

1.  While  the  works  of  man  have  made  it  possible 
for  fish  and  motile  invertebrates  to  escape  extremely 
high  salinities,  these  high  salinities  still  occur,  and  in 
some  cases  have  been  increased  as  a  result  of  other 
works  of  man. 

2.  Further  works  of  man  are  proposed  to  improve 
salinity  exchange  and  habitats  in  the  upper  Laguna 
Madre.  There  appears  to  be  no  adequate  field  study 
that  would  demonstrate  that  these  proposals  are  based 
on  sound  biological  criteria.  It  may  be  better  to  undo 
what  has  been  done  than  to  add  further  complications. 

3.  No  adequate  study  has  been  made  of  the  living 
benthos  of  any  part  of  the  Laguna  in  terms  of  fre¬ 
quency,  mass  per  unit  area,  or  seasonal  fluctuation. 

4.  With  the  exception  of  recent  work  on  diatoms, 
the  phytoplankton  and  smaller  heterotrophic  nanno- 
plankton  are  unstudied. 

5.  A  number  of  intriguing  life  cycles  have  not 
been  worked  out,  and  many  others  are  inadequately 
known. 

6.  No  laboratory  studies  have  been  made  of  the 
salinity  tolerances  and  osmoregulatory  abilities  of  the 
sjiecics  from  the  Laguna  Madre  although  the  fit  Id 
data  suggest  many  interesting  problems. 

7.  These  gaps  in  our  information  have  led  to  con¬ 
clusions  concerning  the  manipulation  of  the  ecosys¬ 
tems  of  the  Laguna  Madre  which  are  of  questionable 
validity 

8.  The  estimated  costs  for  engineering  improve¬ 
ments  to  enhance  the  value  of  the  present  ecological 
system  for  recreational  and  commercial  fishing  in¬ 
terests  are  about  $7  million.  Since  architect's  fees  for 
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designing  and  superintending  a  large  building  may 
run  around  ten  percent,  it  would  seem  advisable,  by 
analogy,  to  consider  a  ten  percent  investment  in  re¬ 
search  and  supervision  by  biologists  of  the  proposed 
project  if  it  is  improved.  While  money  is  not  the 
entire  answer,  the  magnitude  of  work  and  talent 
needed  that  is  represented  by  a  sum  of  $700,000  is 
real  and  some  approximation  of  this  investment  in 
time  and  personnel  is  imperative  if  the  $7  million  is 
not  to  be  wasted. 

Author’s  Note:  1  wish  to  thank  Ernest  G.  Simmons, 
Coastal  Fisheries  Supervisor  for  Region  V  of  the  Texas 
Parks  and  Wildlife  Department,  Dr.  Henry  Hildebrand 
of  the  University  of  Corpus  Christi,  and  Robert  H. 
Parker  of  the  Marine  Biological  Laboratory,  Woods 
Hole,  for  bringing  me  up  to  date  and  clarifying  many 
points  in  correspondence. 
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An  Ecological  Study  of  a  Hawaiian  Mangrove  Swamp 

GERALD  K.  WALSH 

Department  of  Zoology,  I'niversity  of  Hawaii,  Honolulu,  Hawaii 
In  1902  the  American  Sugar  Company  introduced  channels  that  the  tide  has  access  to  the  swamp.  In- 


seedlings  of  the  red  mangrove,  Rhuophoro  mangle, 
from  Florida  into  Hawaii.  The  seedlings  were  planted 
on  the  mudflats  of  the  southwest  portion  of  the  island 
of  Molokai  to  prevent  erosion  of  the  area.  A  second 
introduction  of  mangrove  occurred  in  1922  when  the 
Insular  Bureau  of  Forestry  of  the  Philippine  Islands 
shipped  seedlings  of  Rhisophora  mucronato,  Brugui- 
era  sexangula,  and  Sonneratia  cascolaris  to  Hawaii. 

At  the  present  time,  the  mangroves  R.  mangle  and 
B.  sexangula  are  extending  their  ranges  on  the  vari¬ 
ous  islands  of  the  Hawaiian  group  by  invading  shel¬ 
tered  bays  and  estuaries  now  occupied  by  Hibiscus 
tiliaccus.  One  such  invasion  has  resulted  in  a  small 
intertidal  swamp  forest  in  the  Heeia  District  on  the 
island  of  Oahu.  The  forest  is  dominated  by  R.  m,  i.- 
gle,  but  B.  sexangula  is  also  present.  Except  for  a 
few  dying  sjieciniens  of  H.  tiliaccus,  these  are  the 
only  tree  species  present 

An  exte-  've  literature  exists  on  the  ecology  of 
ma-igroves  v bowman,  1917;  Chapman,  1940;  Davis, 
F940,  1942;  Egler.  1948;  Gollev  el  al„  19 62;  Guppy. 
1906:  M venae  and  Kalk,  1962:  Orr  and  Moorehouse. 
1**33 ;  Wanning  and  Vahl.  1925).  None  of  the  re¬ 
ports  include  comprehensive  diurnal,  monthly,  or  sea¬ 
sonal  data  on  physical  and  chemical  factors,  nor  do 
they  corsider  the  physiological  adaptations  or  food 
intei  relationships  of  the  fauna  These  parameters  pro¬ 
ved  the  hasis  for  the  present  study,  an  ecological 
analysis  and  integration  of  the  physical,  chemical,  and 
biological  aspects  of  the  Heeia  Mangrove  Swamp. 

DESCRIPTION  OF  THE  STUDY  AREA 

Heeia  Mangrove  Swamp  occupies  about  35  acres 
where  Heeia  Stream,  one  of  the  main  drainage  ar¬ 
teries  of  the  Koolau  Mountain  Range,  enters  the 
ocean  (  Fig.  1 ).  The  swamp  is  bordered  cm  its  east¬ 
ern  edge  by  a  pood  which  communicates  with  the 
ocean  through  a  channel  at  its  northern  border.  The 
pond  is  bounded  to  the  west  by  mangrove  and  to  the 
east  by  the  stone  wall  of  Heeia  Fish  Pond.  Inland, 
the  swamp  adjoins  a  freshwater,  grassy  marsh.  As  it 
enters  the  marsh.  He*--  •‘•'-an*  overflows  and  covers 
the  muddy  suhst*;'  ihmn  ten  centimeters  of 

water  which  pas*  nio  the  swamp.  Water 

flow  through  the  s«.n;i>  proceeds  hr  two  main  drain¬ 
age  arteries,  namely,  Heeia  Stream  and  a  subsidiary 
channel  formed  by  water  from  the  marsh.  In  the 
center  of  the  swamp  these  two  arteries  merge  to  form 
the  main  drainage  channel.  It  it  mainly  by  these 


undation  occurs  each  high  tide,  leaving  a  thin  layei 
of  brown  sediment  on  the  swamp  floor. 

METHODS 

Six  sampling  stations  were  established  along  the 
watercourses  of  Heeia  Swamp.  Station  1  was  a  [>oo! 
at  the  inland  edge  where  the  water  depth  ranged  bc- 
tween  10  and  15  cm.  The  water  originated  as  over¬ 
flow  from  Heeia  Stream,  entered  the  station  from  the 
r  .-sh,  and  flowed  slowly  into  the  subsidiary  channel. 
'i  lie  substratum  was  comjiosed  of  loose,  fine-grained, 
black  mud. 

Station  2  was  located  56  m  downstream  from  Sta¬ 
tion  1.  Here,  the  width  of  the  subsidiary  channel 
was  2.5  m  and  water  depth  ranged  between  15  ami 
60  cm.  The  substratum  was  loose,  fine-grained,  black 
mud. 

Station  3,  70  in  downstream  from  Station  2,  was  a 
psxil  formed  by  the  junction  of  Heeia  Stream  and  the 
subsidiary  channel.  It  was  5.0  ni  long  and  2.5  ni 
wide.  Water  depth  ranged  between  nine  and  94  cm. 
The  substratum  was  pebbles,  shells,  and  pieces  of 
coral. 

Station  4  was  located  96  m  downstriam  from  Sta¬ 
tion  3.  The  width  of  the  channel  was  5  m,  and  the 
water  depth  ranged  between  15  and  105  cm.  The 
substratum  in  the  center  of  the  channel  was  similar  to 
that  of  Station  3,  but  also  contained  a  smalt  amount 
of  black  mud  of  fine  grain.  The  hanks  were  formed  of 
Mack  mud  which  accumulated  around  mangrove  roots. 

At  Station  5,  52  nt  downstream  from  Station  4,  the 
width  of  the  channel  was  7  m.  Water  depth  rangrd 
between  60  and  120  cm.  and  the  substratum  was  com 
posed  of  well-packed  mud  overlain  by  ahout  20  cm  of 
extremely  fine-grained  flocculcnt  sediment. 

Station  6,  80  m  downstream  from  Station  5,  was  a 
pond  measuring  40  m  in  length  with  an  average 
width  of  25  m.  Water  depth  varied  between  30  and 
130  cm.  The  substratum  in  the  center  was  composed 
of  pebbles,  shells,  and  pieces  of  coral,  while  that  of 
both  edges  was  a  similar  material  overlain  by  10  cm 
of  black  mud. 

Water  tam|4rs  were  taken  at  mid-depth  at  all  sta¬ 
tions  each  month  at  the  time  of  highest  and  foment 
tide,  over  a  16-roonth  period,  from  August.  1961.  to 
Novetnhrr.  1962.  The  water  was  analysed  for  total 
salinity,  dissolved  oxygen,  pH.  and  temperature.  Air 
temperature  was  also  taken.  In  addition,  from  Octo¬ 
ber.  1961.  to  the  end  of  the  testing  period,  monthly 
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Fig.  1.  Map  illustrating  the  topogrj|>hical  relationship 
Ix-twrcn  Her.  a  Swamp,  Hreia  I’ond,  Kaneohe  Bay.  anil 
riff. 


measurements  were  made  of  Kh  of  the  water  and  of 
humidity.  In  the  last  three  months  ol  the  testing 
|»er:od.  assays  were  performed  for  dissolved  nitrate 
and  phosphate. 

In  addititm  to  the  monthly  sampling,  five  studies 
Mere  made  over  a  .’4-hour  period  at  various  tidal 
cycles  and  sea-'m-.  Water  samples  were  taken  at  Sta¬ 
tions  I,  3.  ami  6  at  two  hour  intervals  from  noon  on 
the  first  day  to  noon  on  the  second  day.  Analyses  were 
similar  to  those  performed  on  a  monthly  basis.  The 
data  from  one  typical  diurnal  study  are  presented  in 
this  pajier. 

Tidal  fluctuation  was  measured  by  tide  staffs  per¬ 
manently  fixed  at  each  station.  Readings  of  water 
level  were  made  to  the  nearest  centimeter. 

Salinity  was  measured  by  titration  with  silver  ni¬ 
trate;  dissolved  oxygen  by  the  Winkler  technique: 
dissolved  phosphate  by  the  method  of  Robinson  and 
Thompson  ( 1*H8  > :  ami  dissolved  nitrate  by  the 
method  of  Mullin  and  Riley  1 1  tJ55 ».  Measurements 
of  pif  and  Kh  were  made  in  the  field  with  a  Beckman 
Model  (i  portable  pH  meter  us>ng  glass  and  calomel 
or  platinum  and  calomel  electrodes.  Kh  readings 
were  corrected  to  pH  7  as  suggested  by  Mortimer 
i  I’M  I  i 

Humidity  was  determined  by  the  wet  bulb  tempera¬ 
ture  depression  method 

Intensity  of  light  was  measured  at  each  station  in 
association  with  productivity  studies  at  a  depth  of 
about  .10  cm  by  the  method  of  Friend  i  1*161 ).  This 
method  uses  the  principle  that  paper  coated  «tlh  a 
light  sensitise  diaxo  compound  it  bleached  upon  ex¬ 
posure  to  light  Light  penetration  through  a  stack  of 
dtato  paper  follows  I jmhrrt  s  I jw  of  Absorption 
Pa|<r  used  was  Oral  id  MQJIT,  1‘nderwater  light 
measurements  were  made  by  a  modification  of  the 
method  using  a  watertight  Mason  jar  fitted  with  a 
dear  plastic  cap  and  sealed  with  waterproof  tape.  A 
calibration  curve  was  obtained  by  exposing  the  meter 
to  a  light  source  of  known  intensity  for  various  in- 
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terv.ils  of  time.  Light  intensity  is  expressed  as  the 
average  number  of  foot  candles  of  light  impinging 
U|nmi  the  area  over  a  three-hour  period. 

Substratum  sampling  and  pH  and  Eh  measure¬ 
ments  were  |>erfomied  by  the  methods  suggested  by 
Jackson  (1958).  Kach  sample  was  composed  of  15 
subsantples  taken  at  regular  distances  from  each  other. 
Organic  matter  content  of  the  substratum  was  de¬ 
termined  by  drying  at  I  !0‘C.  for  24  hours  and  ash¬ 
ing  at  MM'C.  for  six  hours.  V  alues  obtained  were  re¬ 
duced  hy  1 5  |>ercent  because  the  clays  halloysite,  kao- 
linite,  and  allophane,  which  are  components  of  the 
substratum,  retain  that  amount  of  water  up  to  120*C. 
( Moherly,  jiersonal  communication). 

Water  omtent  of  the  substratum  was  determined  by 
drying  at  1 10*C.  ’  >r  24  hours  Values  obtained  were 
adjusted  upward  by  15  percent  to  compensate  for 
retention  of  water  by  the  clays. 

I’article  sire  analysis  was  performed  by  the  •  se  of  a 
graded  series  of  geological  sieves. 

Uptake  ol  dissolved  nitrate  and  phosphate  by  sub¬ 
stratum  deposits  was  determined  by  the  method  of 
Macphcrson  cl  ai.  (1958).  Twenty-five  grams  of 
dried  substratum  were  mixed  with  150  ml  of  phos¬ 
phate  or  nitrate  solutions  of  4.2  pg-at  I  and  72  pg/l 
res|>ectively.  After  continuous  shaking  for  one  hour 
the  su|iematant  fluids  were  filtered  through  Whatman 
41  filter  (taper  and  analyzed  as  described  above  for 
dissolved  mtra  '  and  phosphate. 

Qualitative  faunal  and  stomach-content  analyses 
were  made  at. each  station  for  determination  of  food 
webs. 

Determination  of  the  number  of  primary  producer 
organisms  was  made  by  adding  150  ml  of  38  percent 
formaldehyde  to  each  of  two  one-gallon  samples  of 
water  f'om  each  station.  The  samples  were  allowed 
to  settle  for  24  hours,  after  which  the  water  was 
siphoned  off.  leaving  15-40  ml  of  water  containing  the 
settled  material.  Foir  aliquot  samples  were  tdeen 
from  each  (ilanktun  suspension  and  the  primary  pro¬ 
ducers  counted  at  4J0x  using  a  Spencer  Bright-Line 
hemacytometer. 

Three  primary  productivity  studies  were  made  by 
the  light  and  dark  bottle  method  at  high  and  knr  tide 
res(>eaivrli  at  all  swamp  stations.  Light  and  dark 
bottles  were  incubated  for  three  hours  at  I  depth  of 
about  JO  cm  in  the  water  at  the  site  of  collection. 

Studies  were  made  of  certain  animal  species  to 
learn  if  they  could  survive  at  stations  where  they  were 
not  found.  These  were  carried  am  by  placing  animals 
in  non. toxic,  galvanized  wire  cages  (45  cm  bug  and 
1 1  cm  square)  at  rurh  station  at  a  time  of  spring  tide 
and  observing  the  degree  of  survival  or  death 

The  role  of  salinity  as  a  limiting  factor  was  deter- 
fined  for  several  species  by  maintaining  animals  m 
the  laboratory  us  wafers  ranging  in  salinity  from  fresh 
water  coHerlrd  from  Herts  Stream  to  full  strength 
sea  water  Before  an  experiment  was  begun,  the  ani¬ 
mals  were  kept  ui  the  laboratory  for  at  (nasi  24  hours 
in  aerated  water  from  the  Station  at  srhsch  they  were 
captured. 
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Fig.  2.  Munlhljr  physical  and  chemical  data  obtained  at 
high  and  low  tide  at  Station  1 ;  August.  1961-Novrmbcr. 
CM2.  Continuous  line  designates  high  tide;  dotted  lint 
designates  low  tide. 

I-ow  oxygen  partial  pressure  was  characteristic  of 
swamp  water  at  low  tide.  Fxperiments  were  per¬ 
formed  to  determine  the  partial  pressure  of  oxygen  at 
which  selected  swamp  species  began  to  show  ssinp- 
toms  of  oxygen  lack  I  surfacing,  rolling  on  side*. 
One  to  five  animals  were  placed  in  400  ml  of  water  in 
a  SOO-ml  glass  -stujuered  buttle.  Over  this  was  layered 
100  ml  light  mineral  oil  and  the  bottle  stoppered,  care 
being  taken  that  no  air  bubbles  remained  in  the  oil. 
At  the  onset  of  symptoms  of  oxygen  lack,  water  was 
carefully  »ip,wmed  from  the  experimental  bottle  ami 
the  ox  s  gen  n  easured 

KKSH.tS 

Ststion  I 

/‘kyjii  si  and  t  L  nn  of  /  actors 

{"hysKal  and  chemical  data  collected  at  Station  1 
are  presented  in  f  igure  2  Tins  stat.<«i  was  influenced 
bs  tidal  actual  in  August  and  September.  1**61.  amt 
Tehruary.  |9fs2  Sirall  monthlv  variations  in  water 
lei  el  were  due  to  fl-artuatuais  in  ramtall,  with  great 
rst  drpth  after  petualv  of  heavy  raui. 

Salmilv  at  Mat- an  1  was  low  due  to  the  influx  of 
fresh  water  frioi  the  marsh  Thr  high*-*;  aiimti. 
0  19  was  rrcxdrd  m  frhiury.  I‘t2.  the  time  of 
highest  tide.  A  all  other  tones  salinity  of  the  water 
varied  hrtwte  Oil  and  012  Her  a  use  fresh 


Table  l.  Average  concentration  of  dissolved  nitrate 
•aid  phosphate  at  six  stations  in  Heeia  Swamp  at  high 
and  low  tide,  September- November,  1962. 


Sta¬ 

Nitrate 

ME  1 

Phosphate  Mg-at  1 

tion 

High  tide 

lam  tktc 

High  tide 

lam  tide 

I 

145 

143 

0.70 

068 

l 

0.8! 

1.39 

0.62 

103 

3 

073 

1.47 

092 

169 

4 

0.82 

IJU 

1.11 

163 

S 

0.46 

074 

0.56 

079 

6 

0.38 

1.36 

0.57 

1.36 

water  of  Heeia  Stream  gave  the  same  salinity  read¬ 
ings.  the  water  of  Station  1  may  be  regarded  as  fresh. 

Oxygen  content  of  the  water  was  that  of  a  dystro¬ 
phic  body,  averaging  0.67  ml  I  throughout  the  sam¬ 
pling  period.  The  highest  figure.  1.60  ml  1.  was  re¬ 
corded  in  April.  1*162.  No  oxygen  was  detected  in 
October,  1962.  Likewise.  pH  and  Kh  values  were  low 
and  not  subject  to  large  diurnal  or  monthly  variation. 

C  oncentration  of  dissolved  phosphate  at  the  stations 
is  given  in  Table  I.  At  Station  1  no  significant  dif¬ 
ference  was  found  between  the  times  of  high  ami  low 
tide  on  the  same  sampling  day,  but  monthly  variation 
did  occur.  Table  2  shows  that  substratum  from  Sta¬ 
tion  1  removed  over  *J0  |iercent  of  the  pliosphate  from 
solution. 

As  did  phosphate,  the  concentration  of  dissolved 
nitrate  fluctuated  monthly,  but  the  c-mcentration  was 
low  ami  substratum  deposits  from  Station  I  removed 
over  *J0  |>erceiit  of  the  nitrate  from  solution. 

Table  3  gives  ilata  obtained  by  analy  ses  of  the  sub¬ 
stratum  of  the  six  stations.  At  St., lion  1  Mack  mud 
extended  to  a  ilejith  of  7.1  cm  and  was  underlain  by 
coarse  sand.  pebMrs.  ami  shells.  The  surface  was 
lurmed  bv  sedimentary  ileposits  and  iletri’us  of  nun- 
gTove  origin  and  was  of  such  an  extremely  loose  na¬ 
ture  that  no  animals  were  supported  by  it.  Benthic 
animals  were  found  only  along  the  firmer  hanks 

The  results  of  a  study  |>er formed  from  noon.  Feb¬ 
ruary  3.  to  noun.  February  4.  1962.  ar>  given  in  Fig¬ 
ure  3.  In  this  period  occurred  the  highest  tide  re- 
l>oeted  i hiring  the  sampling  month*  Tide  stall  read¬ 
ings  throughout  the  per*.i«!  were  ct*-.  slant  at  2**  cm 
at  4  IE)  v  M  High  tide  tvrcurrrvl  at  that  time 
ami  the  t«lc  staff  reading  rose  to  3>  mi  The  rvanes 
rent  tnlal  effect  ujaoi  Station  1  is  illustrated  hy  thr 


Tat*lr  2  Iptake  of  phmplulr  ami  nitrate  from 
water  bs  seshmenlars  drfavstU  in  lleria  Swamp 
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Table  3.  C«hii|m»m|!<>h  anti  physical  measurements  of  sti)ierficial  snlinimts  in  Heeia  Swamp. 


Station 

Composition 

pli 

Fh 

volts 

Organic 

matter 

Wafer 

content 

335 

Percent  retained  in  neve* ; 
pore  size  in  mm 

1.91  0.70  0  4S 

023 

1 

Black  mud 

680 

-0116 

1625 

776 

00 

0.0 

0.0 

0.0 

0.0 

2 

H'acli  nusl 

6.85 

-0>6o 

28  52 

781 

90 

00 

00 

0.0 

0.0 

3 

I’etibles,  coral, 
gravel,  sliells 

7.53 

+0.068 

048 

394 

52.1 

140 

2.5 

196 

49 

4 

I'elibles.  gravel, 
black  mud 

•’.32 

+0.077 

5.81 

452 

39.4 

125 

4.6 

34.2 

f  ' 

5 

Black  mud 

7.01 

-0.135 

943 

92.9 

0.0 

00 

0.0 

0.0 

0.0 

6-Center 

I’clihlrs.  coral, 
gravel,  black  mini 

764 

+0113 

414 

48.1 

74  6 

14 

0.7 

5.4 

2.5 

6-  Kilgr 

Black  mud 

695 

-0235 

14  12 

69.6 

00 

09 

0.0 

02 

11 

return  of  the  staff  reading  to  29  cm  at  MKI  am  and 
by  the  transient  rise  in  salinity  at  high  tide. 

Hiolotjual  Vadors 

Average  values  of  three  light  and  dark  bottle  ex- 
|>eriiiicnts  jierlortiir  I  u|>«fi  tlie  water  of  Station  I  be¬ 
tween  June  and  November.  1%2.  are  given  in  Table  4. 
No  primary  productivity  was  found  and  no  primary 
producer  organisms  were  ever  oliserved. 

The  animals  found  in  the  water  of  Static  i  1  were : 
I’isces 

1  )  Eleottis  samdu-u  tHsu 
2 1  l.ebistts  rflu  uliilKS 
3 1  X  iphofhorcmj  belli  ri 
Mollusca 

I  i  .WclitH itt  mde/im/j 
2 1  /’iridium  sp. 

Arthropuda 

I  I  I'rtvambiH  ~i  dittku 
2 1  i  rmfifi'i  Iraiviu  larvae 
3 1  Movjuito  larvae 

I  lie  simple  food  web  at  Station  1  is  shown  in  Fig¬ 
ure  4.  with  tlie  eletrtrid  wWa-iniou  as  the  top 
carnivore  a  |H»itio(i  it  holds  at  all  stations. 

Sr  vtiox  2 

fbrtnid  and  (  btmiiid  Eii  fh”I 

lliysteal  and  chemical  ilata  collectrsl  at  Station  2 
are  g'»rn  in  Figure  5  Mean  high  tide  mark  was  44 
cu  ami  mean  loss  level  was  .‘5  cm  The  difference  of 
1‘*  cm  between  mean  high  tide  am!  mean  low  tide,  am! 
4IS  on  between  highest  am!  lowest  water,  illustrate  the 
greater  mflurnee  id  the  tidr  up**i  Station  2  than  upon 
Ntatnwi  I  This  influence  further  etnphavired  hr 
fluctuations  of  the  physical  ami  chcn.uii  parameter* 
with  tidal  flu*  Saltmtv  ranged  iri*n  Oil  **.  at  Wiw 
tnle  i*i  1  K-eemler.  |**M.  to  26  75  in  September 

l<*.l 

Utnv!ioi  iivi gen.  pH.  and  Fh  were  similar  to  those 
of  SlalMi  I  hit  were  generally  highest  at  high  tnle 
At  at  all  stations,  a  seasonal  variation  nv  dissolved 
on  gen  was  noted,  with  highest  vahxs  in  the  spring 
and  late  fall 


The  dissolver!  ph.isph.ite  anrl  nitrate  content  of  the 
water  (Table  I  i.  highest  at  low  tide,  was  low.  Simi¬ 
lar  results  were  obtained  at  all  other  stations  affected 
by  the  tide.  Table  2  shows  that  at  Station  2  80.8 
jiercent  of  the  phosphate  and  53.2  |>ercent  of  the  ni- 


•v;4«a>OM2  4«3>0N 

Ml  AM 


Fig  3  iHurnsl  change  i  a  physical  and  chemical  crodi 
'em  at  Slatm  I  true  mm.  February  J.  to  MW.  Feb 
nary  4.  |«62 
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Table  4.  Average  of  quantities  of  carbon  assimi¬ 
lated  during  tb*  .'e  light  and  dark  bottle  experiments 
performed  at  high  and  low  tide  respectively  in  the 
water  at  six  stations  in  Hem  Swamp  between  April 
and  November,  1962. 


Station 

Tide 

Carbon 

assimilated 

g/l/hr 

Average  light 
intensity,  foot 
candles 

1 

High 

0.00 

398 

Low 

0.00 

388 

2 

High 

3.01 

200 

Low 

0.01 

289 

3 

High 

0.03 

355 

Low 

0.00 

141 

4 

High 

0.97 

310 

Low 

0.00 

207 

5 

High 

0.21 

1,180 

Low 

0.11 

678 

6 

High 

0.25 

1,000 

Low 

0.22 

5,835 

trate  were  removed  from  solution  by  mud.  This  could 
pertly  account  for  the  low  concentrations  found.  The 
diminution  of  the  amount  of  phosphate  at  high  tide 
was  most  likely  due  to  dilution  by  tidal  water.  It 
is  also  possible,  however,  that  -hanges  of  a  physical 
and  chemical  nature  with  ebb  id  flow  could  affect  the 
equilibrium  constant  of  phosphate  and  mud.  The  ex¬ 
periments  of  Mortimer  (1941),  Macpherson  et  at. 
(1958),  and  Helpher  (1958)  lend  credence  to  this 
possibility. 

Data  obtained  from  analyses  of  the  substratum  are  • 
given  in  Table  3.  These  are  similar  to  those  of  Sta¬ 
tion  1  except  that  the  Eh  was  lower  and  the  percent¬ 
age  of  organic  matter  higher.  Mud  extended  to  a 
depth  of  97  cm  and  was  underlain  by  substratum  simi¬ 
lar  to  that  underlying  the  mud  of  Station  1. 

Biological  Factors 

Three  light  and  dark  bottle  experiments  were  per¬ 
formed  at  high  and  at  low  tide  between  June  anil 
November,  1962.  Average  results  of  these  tests  are 
given  in  Table  4,  where  it  is  shown  that  no  appreci¬ 
able  primary  productivity  occurred  at  Station  2.  In 
addition  to  this,  although  many  searches  were  made, 
no  primary  producer  organisms  were  found  in  the 
water. 

With  the  exception  of  the  bivalve,  Fisidium,  the 
fauna  and  food  web  at  Station  2  were  identical  to 
those  of  Station  1. 

Station  3 

Physical  and  Chemical  Factors 

Figure  6  illustrates  the  physical  and  chemical  data 
obtained  at  Station  3.  Mean  high  tide  level  was  74  cm 
and  the  mean  low  tide  reading  was  19  cm.  Associated 
with  this  tidal  fluctuation  was  great  variation  in  salin- 


Fig.  4.  Food  web  at  Station  1.  The  first  trophic  level  is 
shown  at  the  top. 


ity,  which  ranged  from  0.14  %c  at  low  tide  in  June, 
1962,  to  3783  %c  at  high  tide  in  September,  1961. 
Similarly,  dissolved  oxygen,  pH,  Eh,  and  water  tem- 
peratnr  fluctuated  widely  with  tidal  penetration.  Dis¬ 
solved  phosphate  and  nitrate  content  of  the  water, 
lowest  at  high  tide,  was  low  (Table  1). 

Results  of  sediment  analyses  are  given  in  Table  3. 
A  substratum  of  shells,  coral,  and  pebbles  predomi¬ 
nated.  Station  3  differed  from  the  others  by  the  ab¬ 
sence  of  mangrove  roots  around  which  sediment  ac¬ 
cumulates.  Due  to  this  and  tidal  flushing,  the  sub¬ 
stratum  was  similar  to  that  underlying  the  sedimen¬ 
tary  deposits  at  the  other  stations. 

Figure  7  illustrates  the  results  of  a  diurnal  study 
performed  at  Station  3  from  noon,  September  15,  to 
noon,  September  16,  1962,  a  period  in  which  two  high 
tides  of  almost  equal  amplitude  occurred.  Salinity 


MONTH 

Fig.  5.  Monthly  physical  and  chemical  data  obtained  at 
high  and  low  tide  at  Station  2;  August,  1961-November, 
1962. 
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Fig.  6.  Monthly  physical  and  chemical  data  obtained  at 
high  and  low  tide  at  Station  3;  August,  1961-November, 
1962.  Continuous  line  designates  high  tide;  dotted  line 
designates  low  tide. 

fluctuated  with  the  degree  of  tidal  penetration.  In 
general,  fluctuation  of  oxygen  content  and  pH  of  the 
water  paralleled  that  of  the  tide.  An  exception  was 
found  at  10:00  p.m.  and  midnight  when  oxygen  and 
pH  rose  slightly.  Heavy  rains  began  to  fall  at  8:00 
p.m.  Increasing  dissolved  oxygen  and  pH  after  a 
heavy  rain  were  often  noted.  Higher  oxygen  values 
at  2:00  a.m.  and  4:00  a.m.  resulted  from  the  effect  of 
high  tide  and  rain. 

Biological  Factors 

Table  4  gives  average  values  for  three  light  and 
dark  bottle  experiments  performed  at  high  and  at  low 
tide  at  Station  3.  No  measurable  primary  produc¬ 
tivity  occurred  at  low  tide,  but  a  very  small  evolution 
of  oxygen  was  found  at  high  tide.  Microscopir  analy¬ 
sis  of  the  water  revealed  only  an  occasional  diatom. 

The  number  of  animal  species  collected  at  Station  3 
was  small : 

Pisces 

1 )  F.lcotris  sandwiccnsis 

2)  Lebistes  rcticulatus 

3)  Xiphophorous  hcllcri 

4 )  Cltonophorous  genivittatus 

5)  Kuhlia  sandt  iccnsis 
Mollusca 

1 )  Neritina  tahiticnsis 


Arthropods 

1 )  Metopograpsis  messor 

2)  Copepods 

3)  Mosquito  larvae 

Several  species  not  found  at  Station  2  were  added 
to  the  list  These  are  the  common  estuarine  forms, 
Kuhlia  sandvicensis,  Neritina  tahitiensis,  and  Meto¬ 
pograpsis  messor.  Also  added  to  the  list  was  the 
freshwater  goby,  Ckonopkorous  genivittatus.  Missing 
were  Melania  indefinita,  which  disappeared  a  short 
distance  upstream  from  Station  3,  Procambarus 
clorkii,  and  Tendipes  tentens  larvae. 

The  food  web  at  Station  3  is  given  in  Figure  8. 

Station  4 

Physical  and  Chemical  Factors 

Physical  and  chemical  data  obtained  at  this  station 
are  given  in  Figure  9.  Mean  high  tide  reading  was 
81  cm  and  mean  low  reading  was  22  cm,  a  tidal  am¬ 
plitude  4  cm  greater  than  at  Station  3. 

In  general,  all  factors  measured  were  slightly  higher 
than  at  the  previous  station  because  of  greater  tidal 
influence. 


N2  46  6IOM2  466iON 


Fig.  7.  Diurnal  changes  in  physical  and  chemical  condi¬ 
tions  at  Station  3  from  noon,  September  15,  to  noon,  Sep¬ 
tember  16,  1962. 
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Fig.  8.  Food  web  st  Station  3.  The  first  trophic  level 
is  shown  at  the  top. 

Substratum  data  (Table  3)  were  similar  to  those 
of  Station  3  except  for  black  flocculent  mud  which 
was  present  along  the  banks. 

Biological  Factors 

Tables  5  and  6  show  that  no  primary  producers 
were  found  at  Station  4  at  low  tide,  but  that  a  small 
number  were  present  at  high  tide. 

Average  results  of  three  light  and  dark  bottle  ex¬ 
periments  performed  at  high  and  low  tide  are  given 
in  Table  4.  These  indicate  that  at  low  tide,  no  pri¬ 
mary  productivity  was  found,  while  at  high  tide  a 
small  amount  of  carbon  was  assimilated. 

■  Species  of  animals  found  at  Station  4  are  shown  in 
the  following  list  : 
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Fig.  9.  Monthly  physical  and  chemical  data  obtained  at 
high  and  low  tide  at  Station  4;  August.  1961-November, 
1962.  Continuous  line  designates  high  tide;  dotted  line 
designates  low  tide. 


Pisces 

1)  Eleotris  sandmeensis 

2)  Lebistes  reticula'ys 

3)  Kuhlia  sandvicensis 

4)  Tilapia  mossembica 

5)  Conger  marginatus 
Arthropoda 

1 )  Scylla  serrata 

2)  Copepods 

A  striking  aspect  of  Station  4  is  that  very  few  indi¬ 
viduals  of  each  species  were  collected  and  each  was 
of  a  motile  type  which  could  move  easily  into  or  out 
of  the  area,  Stomach  analyses  indicated  that  the  fauna 
was  composed  of  transient  forms  and  no  evidence  for 
a  permanent  local  food  web  was  found. 

Station  5 

Physical  and  Chemical  Factors 

Figure  10  illustrates  physical  and  chemical  data 
obtained  at  Station  5.  Mean  high  tide  was  77  cm  and 
mean  low  tide  was  8  cm,  a  tidal  variation  of  10  cm 
greater  than  that  at  Station  4.  Dissolved  oxygen,  pH, 
Eh,  and  temperature  were  higher  here  at  comparable 
stages  of  the  tide  than  at  the  previous  stations. 

Dissolved  phosphate  and  nitrate  concentrations  were 
lower  than  elsewhere  (Table  1).  It  is  shown  in  Table 
2  that  100  percent  of  the  phosphate  and  94.7  percent 
of  the  nitrate  were  removed  from  solution  by  the  sub- 

Table  5.  Changes  in  abundance  of  phytoplankton 
with  tide  at  three  stations  in  Heeia  Swamp  in  1962. 


Phytoplankters  per  liter 
(Station) 


Month 

Tide 

4 

5 

6 

September 

Hifb 

Low 

3,128 

0 

162,170 

76,028 

180,020 

86,122 

October 

High 

Low 

b 

0 

185,100 

103.414 

175,332 

93,542 

November 

High 

Low 

31,872 

0 

191,856 

81,007 

197,758 

102,722 

Table  6.  Relative  abundance  of  primary  producer 
organisms  found  at  high  tide  at  Stations  4-6  in  Heeia 
Swamp  in  November,  1962. 


Station 

Percent  of  total 


Organism 

4 

5 

6 

Noticula 

12.0 

23.1 

25.2 

Chaetoccros 

70.0 

339 

43.7 

Nitsjchia 

10.0 

23.3 

17.7 

Surrirella 

8.0 

7.7 

S.O 

Pleurostiyma 

0.0 

4.6 

1.7 

Gyrostigma 

0.0 

1.5 

1.7 

GrammaUtphara 

0.0 

O.C 

0.9 

Vlothrix 

0.0 

3.1 

2.5 

Chlamydomonas 

0.0 

31 

1.7 
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Fig.  10.  Monthly  physical  and  chemical  data  obtained 
at  high  and  low  tide  at  Station  5:  August,  1961-Novem- 
ber,  1962.  Continuous  line  designates  high  tide;  dotted 
line  designates  low  tide. 

stratum.  This  could  account  for  the  low  concentra¬ 
tions  of  these  substances  there. 

The  substratum  (Table  3)  was  composed  of  black 
mud  overlain  by  about  20  cm  of  suspended  matter  of 
very  fine  grain. 

Biological  Factors 

Data  presented  in  Table  5  show  that  a  large  number 
of  primary  producers  existed  at  both  high  and  low 
tides  at  Station  5.  Differential  counts  of  these  pro¬ 
ducers  taken  at  high  tide  November,  1962,  are  pre¬ 
sented  in  Table  6;  diatoms  comprised  93.8  percent  of 
the  total. 

Average  results  of  three  light  and  dark  bottle  ex¬ 
periments  performed  at  high  and  low  tide  are  given 
in  Table  4.  A  measurable  primary  productivity  oc¬ 
curred  at  both  high  and  low  tide.  The  greater  carbon 
assimilation  at  high  tide  was  probably  due  to  the  pres¬ 
ence  of  a  larger  number  of  producer  organisms. 

The  animals  found  at  Station  5  were: 

I’isces 

1 )  Elcotris  sandwiccnsis 

2)  Kuhlia  sandviccnsis 

3)  Tilapia  mossambica 

4 )  Oxyurichthycs  lonchotus 

5)  Mugii  cephalus 


Arthropoda 

1 )  Charybdis  orientals 

2)  Metopograpsis  messor 

3)  Palaemonet es  sp. 

4)  Macrobrachium  sn. 

5)  Copepods 
Mollusca 

1 )  Littorina  scabra 
Nematoua 

1)  Unidentified  nematode 

Although  a  greater  number  of  animal  species  was 
found  at  Station  5  than  at  the  previous  four  stations, 
their  numbers  were  small,  and  no  food  web  could  be 
drawn.  The  lack  of  an  extensive  estuarine  fauna  at 
Station  5  may  have  resulted  from  the  flocculent  nature 
of  the  substratum  in  the  center.  It  is  significant  that 
no  animals  were  captured  when  traps  were  placed  in 
the  center  of  the  station,  although  many  attempts 
were  made.  The  banks  of  the  channel  were  firm,  how¬ 
ever,  and  it  was  there  that  all  animals  were  taken. 

Station  6 

Physical  and  Chemical  Factors 
Data  for  this  station  are  given  in  Figure  11.  Mean 
high  tide  reading  was  80  cm  and  mean  low  tide  read¬ 
ing  was  8  cm,  with  a  difference  of  95  cm  between 
maximum  and  minimum  tides.  This  is  slightly  less 
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Fig.  11.  Monthly  physical  and  chemical  data  obtained  at 
high  and  low  tide  at  Station  6;  August,  1961-November, 
1962.  Continuous  line  designates  high  tide;  dotted  line 
designates  low  tide. 
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Fig.  12.  Diurnal  changes  in  physical  and  chemical  cun- 
ditions  at  Station  6  from  noon,  September  IS,  to  noon, 
September  16,  1962. 

than  that  found  in  Kaneohe  Bay,  where  a  difference 
of  101  cm  between  maximum  and  minimum  tides  was 
found  during  the  16-month  sampling  period.  Because 
of  its  proximity  to  Kaneohe  Bay,  physical  and  chemi¬ 
cal  conditions  at  Station  6  at  high  tide  approached 
those  of  the  bay,  where  salinity  fluctuated  between 
34.38  and  35.88  ?<•,  and  oxygen  between  4.02  and 
6.07  ml  'I. 

Table  3  gives  data  from  analyses  of  the  substratum. 
On  the  east  and  west  sides  of  Station  6  the  substratum 
was  composed  of  black  mud,  while  the  central  portion 
was  shells,  coral,  and  pebbles.  The  data  show  that  the 
center  and  edges  were  considerably  different  environ¬ 
ments.  This  was  caused  by  rapid  tidal  movement  of 
water  over  the  central  portion  and  at  low  tide  by 
slight!)  brackish  channel  water. 

Figure  12  illustrates  the  results  of  a  24-hour  study 
performed  at  Station  6  from  noon,  September  15,  to 
noon,  September  16,  1962.  At  this  time  two  high  tides 
of  almost  equal  amplitude  occurred  in  the  afternoon 
and  early  morning.  The  tide  staff  reading  during  the 
first  high  tide  was  70  cm  at  4  dX)  p.m.  At  4:00  a. If. 
the  staff  reading  was  65  cm.  Salinity  and  pH  values 


fluctuated  with  the  tide,  but  there  was  a  decrease  in 
dissolved  oxygen  in  the  water  before  each  high  tide. 
This  decrease  was  greater  during  the  early  morning 
tide,  indicating  that  the  oxygen  content  of  the  water 
at  Station  6  was  regulated  by  factors  in  addition  to 
those  associated  with  the  tide.  Absence  of  an  oxidized 
microzene  in  the  substratum  and  the  greater  loss  of 
oxygen  at  night  suggest  the  loss  was  due  to  uptake 
by  organisms. 

Biologic, pi  Factors 

Table  5  shows  that  a  large  number  of  primary  pro¬ 
ducer  organisms  existed  in  the  water  at  Station  6. 
Results  of  differential  counts  of  these  organisms  taken 
at  high  tide  in  November,  1962,  are  given  in  Tabic  6; 
diatoms  comprised  95.8  percent  of  the  total  popu¬ 
lation. 

Table  4  gives  the  average  results  of  three  light  and 
<Lrk  bottle  experiments  performed  at  high  and  low 
tide  at  this  station.  A  measurable  quantity  of  primary 
production  occurred  at  both  high  and  low  tides.  At 
high  tide  this  was  considerably  greater  than  at  any 
other  station,  and  at  low  tide  was  equal  to  that  at 
Station  5. 

Station  6  supported  a  larger  fauna  than  did  any 
other  station : 

Pisces 

1 )  Eleotris  sandwiccnsis 

2)  Kuhlia  sandviccnsis 

3)  Oxyurichthyes  lonchotus 

4 )  Mugil  ccphalus 

5)  Conger  marginatus 

6)  Tilapia  mossambica 

7)  Chonophorous  genivittatus 

8)  Lebistes  rcticulatus 

9)  Xiphophorous  hclleri 

Arthropoda 

1 )  Scylla  scrrala 

2)  Ckarybdis  oriental  is 

3 )  Metopograpsis  messor 

4)  Podophlhalmus  vigil 

5)  Portunis  sanguinclenlus 

6)  Macrobrackium  sp. 

7)  Palaemonetes  sp. 

8)  Alpkeus  fabricitu  manayii 

9)  Limnoria  lignorum 

10)  Copepods 

1 1 )  Unidentified  shrimp  of  tribe  Carida 

12)  Ostracods 

Molluscs 

1 )  l.Uton no  scabra 

2)  M  clamp  ns  panulns 

3 ;  Scisstdina  dispar 

Polychaeta 

1 )  Scolclcpns  sp. 

Coelcnterata 

I )  Mastigias  occllata 

Nematoda 

I )  Unidentified  nematode 
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A  diagram  of  the  food  web  at  Station  6  is  given  in 
Figure  13.  Of  the  permanent  residents,  EUotris 
sondwicensis  and  Scylla  serrata  are  the  top  carni¬ 
vores.  Most  of  the  animals  of  Station  6  are  typical 
estuarine  forms.  Of  those  which  are  not,  Conger 
marginalus  is  an  occasional  visitor  at  high  tide,  while 
Chonophorons  genivittatus,  Lebistes  rcticulatus,  and 
Xiphophorous  hclleri  occur  there  after  having  been 
swept  downstream. 

ANIMAL  EXPERIMENTS 

Field 

Table  7  gives  the  results  of  the  experiment  designed 
to  test  the  capacity  of  several  animal  species  to  live  at 
all  of  the  six  stations.  Eleotris  sandwicensis,  the  only 
species  found  at  all  stations,  was  also  the  only  one  to 
survive  for  seven  days  at  all  stations.  The  crayfish, 
P.  clarkii,  survived  at  all  stations  for  five  days,  bu*  be¬ 
came  cannibalistic  after  that  time  and  prematurely 
terminated  the  experiment.  Other  animals  collected  at 
Station  6  failed  to  survive  at  Stations  1-4.  The  goby, 
O.  lonchotus,  and  the  portunid  crab,  C.  orientalis , 
succumbed  within  one  day  at  Stations  1-4.  The 


shrimp,  Palaemonctes  and  Macrobrachium,  both  of 
which  are  highly  tolerant  to  salinity  change,  lived 
longer,  hut  failed  to  survive  one  week. 


Table  7.  Survival  time  in  days  of  animals  in  wire  baskets  at  six  stations  in  Heeia  Swamp.  Figures  show 
the  number  of  animals  surviving. 


E.  sandwicensis 
(10  tested) 

O.  lonchotus  Palaemonctes 
(10  tested)  (10  tested) 

Macrobrachium 
(10  tested) 

P.  clarkii 
(8  tested) 

C.  orientalis 
(3  tested) 

S.serrata 
(3  tested) 

Station  1 
Day  1 

10 

0 

0 

0 

8 

0 

0 
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10 
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0 

0 
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10 
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0 
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Table  8.  Salinity  tolerance  of  several  animal  spe¬ 
cies  from  Heeia  Swamp. 


Ranae  of  salinity 

Animal  tolerance  %c 


EUotru  taadwienuit  0-35.1 

Oxyariekthyet  lonehohu  0.5—35.1 

PalaemoatUt  3.9-35.1 

Uturobraclmm  0.5-35.1 

Chgrybdit  oritntolii  9-2—35.1 

Ckonofhorouj  genwittotui  0-35.1 

Stylla  serrolo  92-35.1 


Labokatoky 

Table  8  sho  that  all  animals  tested  tolerated  wide 
ranges  of  salinity  and  E.  iondtvicensii  and  C.  gcnivil- 
tahu  were  capable  of  surviving  in  both  fresh  and  full- 
strength  sea  water. 

Experiments  upon  the  tolerance  to  low  oxygen  par¬ 
tial  pressure  in  the  water  showed  that  £.  samiwicenju 
could  survive  for  two  hours  in  water  in  which  no 
oxygen  could  be  detected.  However,  O.  lonckoltu, 
Palarmonetcs,  and  Macrobrachium  showed  signs  of 
distress  at  oxygen  concentrations  of  1.31,  1.33,  and 
1.02  ml  oxygen/I  respectively. 

DISCUSSION  AND  CONCLUSIONS 

Heeia  Swamp  was  found  to  be  an  estuarine  environ¬ 
ment  with  sharp  gradients  in  hydrographic  conditions 
associated  with  tidal  penetration.  At  the  landward 
edge,  where  tidal  effect  was  slight  and  evanescent, 
hydrographic  conditions  fluctuated  little,  both  diur- 
nally  and  seasonally.  Proceeding  oceanward,  the  de¬ 
gree  of  tidal  amplitude  increased.  Because  of  the 
sharp  drop  in  contour  of  the  land  toward  the  sea,  the 
water  in  the  channels  at  low  tide  was  almost  wholly 
fresh  from  Heeia  Stream;  at  high  tide  water  from 
Kaneohe  Bay  dominated  hydrographic  conditions.  The 
role  of  the  large  marsh  behind  the  swamp  was  sig¬ 
nificant,  especially  at  low  tide.  Water  from  Heeia 
Stream  as  it  entered  the  marsh  contained  large 
amounts  of  dissolved  oxygen,  nitrate,  and  phosphate. 
As  it  emerged  from  the  marsh  and  entered  the  swamp, 
these  substances  almost  disappeared.  Thus,  except  at 
the  landward  edge,  the  swamp  was  subjected  to  large 
tidal  changes  of  salinity,  dissolved  oxvgcn.  pH,  and 
temperature.  In  addition,  the  area  was  one  of  deposi¬ 
tion  and  decay.  Sedimentary  and  organic  detritus  ac¬ 
cumulated  around  the  prop  roots  of  the  trees,  produc¬ 
ing  a  fine-grained  substratum  with  considerable  or¬ 
ganic  nutter,  alkaline  pH.  low  Kh.  ami  containing  hy¬ 
drogen  sulfide.  Under  such  circumstances  it  is  not 
surprising  that  the  most  striking  aspect  of  Heeia 
Swamp  was  its  paucity  of  animal  species,  particularly 
at  Stations  1-5  Of  great  importance  was  the  lack  of 
an  appreciable  primary  productivity  at  Stations 
This  was  probably  due  to  the  combined  effects  of 
hydrogen  sulfide  and  low  cooeentratims  of  nitrate  and 
phosphate.  At  the  seaward  edge  (Station  6)  hydro¬ 
graphic  and  substratum  conditions  were  less  extreme 


and  the  fauna  contained  elements  similar  to  those  re¬ 
ported  for  mangrove  stands  at  Low  Isles  (Stevenson 
et  al.,  1931),  Puerto  Rico  (Golley  et  al.,  1962),  Mo¬ 
zambique  (Macnae  and  Kalk,  1962),  and  Venezuela 
(Rodriguez,  1963).  These  included  portunid  and 
grapsoid  crabs,  littorine  snails,  polychaetes,  Neritina, 
and  gobies.  Absent,  however,  were  oysters,  barnacles, 
holothurians,  tunicates,  sponges,  amphipods.  and  iso¬ 
pods.  The  zooplankton  of  Station  6  was  composed  of 
adult  and  larval  copepods  and  the  larvae  of  fish, 
shrimp,  crabs,  and  barnacles,  but  was  extremely  im¬ 
poverished  compared  to  that  of  the  brackish-water 
mangrove  areas  of  southern  Florida  (Davis  and  Wil¬ 
liams,  1950).  However,  the  plankton  was  similar  to 
that  reported  by  Mattox  (1949)  for  the  mangrove 
swamps  of  Puerto  Rico,  where  phytoplankters  pre¬ 
dominated  and  zooplankters  were  relatively  scarce. 

Stevenson  et  al.  ( 1931 ),  in  a  study  of  the  mangrove 
forest  at  Low  Isles,  reported  that  the  roots  of  Rhisn- 
fhora  mucronata  support  a  large  epifauna  in  some 
areas,  while  elsewhere  in  the  same  stand  they  are 
clean  and  bare,  but  no  data  were  presented  to  explain 
this.  Rodriguez  ( 1963)  stated  that  mangroves  of 
mesohaline  and  oligohaline  waters  commonly  support 
fewer  species  on  the  roots  than  do  those  of  euhalinc 
waters,  and  that  the  fauna  of  the  mud  is  also  relatively 
impoverished.  In  Heeia  Swamp  all  species  tested 
were  tolerant  to  large  changes  in  salinity,  and  as 
would  be  expected,  freshwater  species  lived  at  the  in¬ 
land  edge  and  brackish  and  etihaline  forms  lived 
nearer  the  bay.  Conspicuously  absent  were  oysters, 
and  it  is  proltable  that  low  saline  conditions  in  Heeia 
Swamp  would  inhibit  their  early  development.  It  is 
possible  that  the  same  is  true  for  barnacles,  and  that 
the  adults  of  holothurians,  tunicates,  and  *|>ongcs 
could  not  survive  in  the  reduced  salinities  at  low  tide 
It  is  significant  that  another,  more  euhalinc.  Hawaiian 
mangrove  swamp  located  in  Pearl  Harbor  supported 
large  oyster  and  barnacle  |>opulations. 

Field  studies  described  in  this  pajier  show  that  the 
animals  tested  were  incapable  of  living  for  extended 
periods  outside  the  areas  where  they  were  normally 
found.  laboratory  data  presented  show  that  these 
*t»ecies  were  intolerant  to  low  salinities  present  at  low- 
tide  at  inner  stations  where  they  were  not  found  and 
indicate  that  salinity  was  a  main  factor  limiting  dis¬ 
tribution.  In  addition  to  this,  studies  u|xm  oxygen  re¬ 
quirements  of  several  swamp  species  showed  that  the 
amount  of  dissolved  oxygen  present  in  the  water  al 
low  tirle  at  I  lie  inland  stations  was  inea|>ahlc  of  sup¬ 
porting  them.  If  placed  in  water  from  the  inland  sta¬ 
tions  when  salinity  was  not  too  low,  animals  from 
Stalii»>'  ft  dxiwrd  almost  immediate  svmj  tom*  of  oxy¬ 
gen  lack  leg.  surfacing).  If  air  was  twhhlcd  through 
the  water,  however,  such  symptoms  disappeared.  Con- 
tersely.  smuht-uemiis  the  unit  animal  found  at  all 
statums.  could  survive  in  the  absence  of  detectable 
ox \ gen  for  period*  of  time  as  long  as  two  hours.  It  i* 
possible  that  low  salinity  ami  reduced  oxygen  acted 
together  as  limiting  factors  in  Heeia  Swamp. 

The  nature  of  the  substratum  was  also  an  important 
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limiting  factor.  At  Stations  1,  2,  4,  and  5,  it  consisted 
of  a  loose,  flocculent  sediment,  incapable  of  support¬ 
ing  benthic  animals  except  along  the  banks.  At  Sta¬ 
tion  6  the  substratum  was  firm  enough  to  support  a 
relatively  large  benthic  fauna,  and  substratum  prefer¬ 
ence  at  this  station  was  evident  from  the  fact  that  no 
animals  lived  on  the  stony  portion,  all  animals  pre¬ 
ferring  the  adjacent  muddy  sections. 

It  would  seem  that,  as  sediment  accumulates  along 
the  ocean  edge  and  mangrove  trees  migrate  bayward, 
hydrographic  conditions  will  stabilize  and  new  euha- 
line  s|>ecies  will  move  in  while  others  are  lost.  A 
long-term  study  of  this  and  other  similar  areas  would 
contribute  greatly  to  our  knowledge  of  the  mangrove 
habitat  and  its  evolution. 

SUMMARY 

Ecological  conditions  in  Heeia  Swamp,  an  inter¬ 
tidal  mangrove  forest  on  the  island  of  Oahu,  Hawaii, 
are  described.  Mangrove  species  present  were  Rhi- 
zophora  mangle  and  Bruguicra  sexaugula.  Six  hydro- 
graphic  stations  were  established  along  watercourses 
extending  from  the  seaward  to  the  landward  edges 
of  the  swamp.  At  the  landward  edge  salinity  varied 
between  0.10  and  0.19  %c  and  oxygen  from  an  unde¬ 
tectable  amount  to  1.69  ml/1.  The  conditions  of  pH 
and  Eh  of  both  water  and  substratum  were  those  of  a 
dystrophic  body  of  water,  and  no  primary  productivity 
was  found.  The  fauna  at  the  inland  edge  was  com- 
|x>sed  of  eight  freshwater  species.  At  the  ocean  edge 
of  the  swamp  hydrographic  conditions  were  influenced 
greatly  by  tidal  flux,  with  salinity  ranging  from  1.00 
to  43.30  and  oxygen  from  0.92  to  6.53  ml/1. 
Twenty-seven  animal  species  lived  at  the  ocean  edge, 
and  a  large  primary  productivity  was  found. 

The  types  of  animals  present  and  their  distribution 
in  the  swamp  were  regulated  by  gradients  in  salinity 
and  oxygen  and  by  the  flocculent  nature  of  the  sub¬ 
stratum  in  some  sections. 

Author' t  Sole:  This  paper  is  Contribution  No.  203,  Ha¬ 
waii  Institute  of  Marine  Biology.  It  is  a  portion  of  a 
thesis  submitted  in  partial  fulfillment  of  the  requirement 
for  the  degree  <4  Doctor  of  Philosophy  in  Zoology. 

Sincere  appreciation  is  expressed  to  Dr.  Sidney  J 
Townsley,  under  whose  direction  this  study  was  made,  and 
to  Dr.  Ernest  Ross  for  the  generous  donation  of  space  in 
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This  paper  is  concerned  with  the  mangrove  swamps 
near  Townsville,  Australia,  and  compares  them  with 
others  along  the  Hinchinbrooke  Channel,  Innisfail, 
and  Cairns,  to  explain  the  succession  and  distribution 
of  both  plants  and  animals.  The  study  is  concerned, 
primarily,  with  the  estuaries  in  Queensland,  Australia, 
between  Townsville  at  19*  S  and  Mossman  at  17*  S, 
around  Gladstone  at  24*  S,  and  in  the  vicinity  of 
Brisbane  at  26*  S. 

The  word  mangrove  has  sn  obscure  origin ;  it  is 
a  combination  of  the  Portuguese  '  mangue"  and  the 
English  “grove”.  It  describes  an  association  of  trees 
which  grow  in  the  sea  or  it  may  describe  the  indi¬ 
vidual  species  which  make  up  the  association.  In  this 
paper  the  word  will  be  used  in  either  sense. 

DESCRIPTION  OF  MANGROVE  AREAS 
IMMEDIATELY  TO  THE  SOUTH  OF 
TOWNSVILLE 

Townsville  lies  on  the  banks  of  Ross  Creek,  a  dis¬ 
tributary  of  the  Ross  River.  North  and  south  of  the 
city,  along  the  shores  of  Cleveland  Bay.  are  several 
square  miles  of  low-lying  terrain,  much  of  which  is 
only  some  10  m  above  sea  level.  These  Rats  are 
deltaic  deposits  laid  down  in  emhayments  during 
ITeistocene  interglacial  periods  when  the  sea  level 
was  higher  than  it  is  today  (Jardine.  192JO.  Aerial 
photographs  indicate  that  the  utd  courses  of  the  Koss 
River  once  crossed  the  region  over  a  wide  area  north 
of  Townsville.  The  present  river  mouth  seems  to  be 
a  southern  extension  of  the  series.  The  movement  of 
the  river  channel  may  not  yet  have  ceased.  Meander¬ 
ing  across  the  flat  lands  to  the  suutl<  are  several 
creeks,  some  of  which  are.  at  tunes  of  heavy  spatr*  in 
the  river  and  at  extreme  flood  tides,  crnnected  to  the 
main  stream  of  the  river. 

The  estuarine  portion*  of  these  creeks  ami  the  main 
nver  channel  are  lined  with  mangrove*  I  Figs  I.  2) 
Most  of  the  mangroves  have  been  cleared  from  Row 
Creek  in  Townsville. 

The  intertidal  portion  of  these  liwlvmg  flats  is 
extensive,  as  might  be  expected  in  a  region  where  the 
tidal  range  is  up  to  3.5  m 

The  annual  rainfall  in  the  TownniHe  district  is 
around  1.000  mm  (40  inches).  tl«e  bulk  of  which 
falls  between  December  and  March  (Fig  3».  The 
soil*  are  well  drained ;  hence,  the  vegetation  of  the 
flats  consists  of  drought -resistant  gtawtand  anil  sparse 
thorn  tree* 
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On  the  landward  side  of  the  flats,  at  the  level  of 
extreme  high  tides,  Sporobolus  vtrginicus  (  L.)  Kunth. 
(an  almost  cosmopolitan  grass  in  warm  temperate 
and  tropical  regions)  is  dominant,  and  around  high- 
water  mark  it  becomes  mixed  with  Sesttt  ium  portu- 
lacastrum  L,  Arlhrocnemum  leiostachyum  (Benth. ) 
Paulsen,  and  A.  halecnemoidcs  Nees  var.  pergrauula- 
tum  ).  M.  Black,  which  gradually  displace  the  grass 
and  extend  to  the  flats  below.  ( The  Australian  s|ie- 
cies  of  Arthrocmcmum  and  Salt  coma  mast  be  consid¬ 
ered  to  he  sub  judice  and  in  need  of  revision.  Accord¬ 
ing  to  Moss  (  1954),  the  Australian  A.  leiostachyum 
is  A.  iudicum  (Willd.)  Moq..  a  species  which  extends 
from  Natal,  in  South  Africa,  to  Timor.)  They  do 
not  go  much  lower  than  the  level  of  ordinary  spring 
tides.  Locally,  bushes  of  Suat-da  are  common. 

In  many  places  along  the  upper  beach  a  “salting 
cliff”  is  found:  it  is  about  20  cm  high  High  waters 
oi  ordinary  spring  titles  lap  the  base  of  the  little  cliff 
and  extreme  high  tulcs  pass  just  above  it.  Below  the 
cliff  is  a  bare  flat  of  line,  sandy  mud.  which  is  slimy 
when  wet.  and  criss-cross  cracked  and  salt -encrusted 
when  dry.  This  fiat  is  covered  by  only  117  tides 
annually  (Fig.  4).  ranging  ironi  as  few  as  four  in 
May  ami  June  to  21  in  March  Occasional  higher 
"islamU”  in  the  flats  support  the  flora  mentioned 
above. 

In  the  absence  of  a  salting  cliff  the  upper  beach 
slopes  gently,  ami  the  sward  of  Scstntum  and  Ar- 
thr iH'ucmum  may  be  invaded  by  quite  widely  spaced 
trees  of  .Incrtsm  mriM  ( l  orst  )  Vierh.  to  form 
an  .ftifcvsu  parkland  or  a  landward  Acteenuia 
fringe  Occasional  sprawling  shrubs  of  Acgtalilts  am- 
mmlaia  K.  Itr.  and  bushes  of  /iiiiVisru  agalloeha  I. 
also  occur  here.  Tins  parkland  eventually  gives  was 
to  thicket*  of  t  enops  legal  ( lYrr  1  l\  It  Rob  .  beyond 
which  vegrtatnely  hare  arras  lie 

Seaward  or  toward  the  creeks,  one  |sa**e*  from  the 
hare  area*  into  {  m ops  thicket*  Where  these  hare 
flats  extend  to  the  high  water  Hurl,  crabs  are  hr»t 
encounter'd  near  the  periphery  of  the  thickets  None 
of  the  bushes  of  l  crtppi  are  tail  i  I  5  to  3  m  >  near 
Townsville. 

The  (  erioft  gise  way  to  a  mixes!  c«mmun;ls  dnmt 
nated  by  HrmgutSre  gymmorhisa  <1-1  lam  i  nn 
s;  ict»nM»  associate*  include  H  ciartilale  Ding  Hrat 
Xytocerpm i  gremelmm  Knen  g  and  occasional  tree* 
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^  **  *  °*  ,hc  mangnivex  viuth  <4  Townsville  ll  ihoold  far  rvoSrd  that  (far  nyww  art  creek -famed  a ud 

lha«  there  are  <■*  tensive  hare  are**.  «d  anal  TV  I  me  A— B  n  t.*  lav  of  Tmuert  in  Fit-  JA 


m  ftki~<>fhora  tlxh'M  linft  and  .4  r-t<  r**M  marima. 
Thu  murd  community  r  Herds  to  the  margin  of  the 
troei.  whi.-h  ■»  irmecvl  hy  either  ffkir»fki>r«  or 

.4;  i.vsnnt 

AIhor  thr  dH.rr  oi  thr  lav.  rangm  of  lorn  sand 
dunes  are  found  Where  the  mangrove  extend*  to  the 
inner  dofe  of  a  dune  a  richer  Bora  ol  mangrove  trees 
ocrurt  f  fi*’! tenia  ictodnata  F  Mucfi.  •  a  r.ivrUccven 
•bruh  restricted  to  Australia).  /  iovikim  *g<dl<*kj, 
and  immmilsrro  fj.nn.tu  Wiltd  ocetti  at  and  around 
the  high  water  mark  The  lianas,  t  rmtmthum  m 
■on** »  t  R  l?r  >  Ibunm,  and  !*rmi  fr,M»/d  Lour, 
tie  everything  together  diheiu,  I'rmfku  octdolo 
F«r»*..  and  Sf&rvtm  toccata  f  Certs  )  Roxh  (=S 
reeut-u  V.»hl  t  dominate  the  higher  lerev*  of  the  done. 

Seaward  of  the  done*,  t  erwft  logo f  and  .dtserMna 
extend  to  a  level  just  below  the  high  water  of  the 
'-rap  tides,  .ftvmu  forms  the  seaward  fringe.  Oc¬ 


casional  trees  of  Rkizofkora  ttyios*  and  the  two  i)e 
ci«  of  Prugmicr*  occur  amonf  the  Cmofi  T ranted 
■'  l°cated  m  Figure  !,  i*  also  diagrammed  for  thr 
Townsville  area  in  Figure  4. 

Il  is  interesting  that  two  varieties  of  Ctriopi  logoi 
occur  within  the  amt.  Along  the  shore  of  the  hay 
the  fknmi  of  this  species  have  five  fringes  an  the 
tips  of  thr  petals  and  smooth  radicles  These  con 
tttttHe  t-*e  variety  nutrWu.  those  m  the  mangrove* 
kvhsartl  of  the  thanes  have  three  fringes  on  the  petal 
tips  and  prominently  nd^cd  radicles:  they  constitute 
the  variety  logoi  (  m*fs  logoi  var  mutrglu  was  not 
'dweciTd  north  of  Townsville  but  was  the  only  variety 
seen  near  Brisbane. 

This  mangrove  flora  i»  an  impoverished  one.  re¬ 
stricted  to  the  immediate  nrmity  of  creeks  because  of 
the  conpmclMwi  of  high  rr*~-rif~  -js.!  ksksis! 
rainfall 
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Tut  Fauna 

Around  the  high-water  mark  the  hooded  burrows 
o#  Ststrmt  mnmrrii  de  Man  and  S.  smitki  H.  M. 
Edw.  were  found;  these  crabs  extend  downward  al¬ 
most  to  the  level  of  the  lowest  mangrove  trees. 

Among  the  pnemnttophores  of  divniit  in  the 
Avicemm  parkland,  large  numbers  of  Cleistosloma 
wmrdi  Ratfaban  were  common  to  abundant,  and  speci¬ 
mens  at  three  species  of  small  robber  crabs.  Sesarmt 
( Ckiromamrs )  spp.  (one  closely  resembling  S.  rm- 
ptri  and  one,  S.  guttata  >  were  common.  Sheltering 
under  the  samphires  in  the  more  open  areas,  eg., 
along  the  edges  of  man-made  paths,  were  a  few  speci¬ 
mens  of  Uct  Uctra  (de  Haan ).  The  snail,  Ceritkidta 
muicifota  I redale,  occurred  on  the  trees. 

The  bare  flats  were  only  sparsely  inhabited  near 
their  periphery  by  Vet  Motor  (White)  (=1/.  sig- 
noto  (Mess)),  which  was  also  cutmnon  in  areas 
shaded  by  the  outermost  bushes  of  Ceriofs.  it  would 
appear  that  this  crab  is  tolerant  of  low  humidities, 
exposure  to  bright  sun.  and  highly  saline  soil  water. 

The  fauna  of  the  densely  shaded  portions  of  the 
mangrove  is  more  or  less  uniform  throughout,  in  spile 


Fig.  I  Arm)  plsnaagraph  <4  aanpmn  mlh  <4 
Tomsri*.  Cokjaft  « -lh  «hr  fT*w»  <4  F„  I  frunei 
by  the  wtmcvt  A— It  tfcwnlwr,’  K»  prrmmaoii  <4 
Tonwnllr'i  To»a  tint  t 


of  differences  in  elevation.  It  it  comprised  of  species 
which  are  intolerant  of  bright  sunlight  or  very  dry- 
air.  Faunal  changes,  as  one  passes  downslope  through 
the  mangrove  forests,  may  be  related  to  changes  in 
the  drainage  pattern  of  the  soil,  to  the  degree  of  toil 
consolidation,  or  to  t!ie  considerable  toil  turnover  re¬ 
sulting  from  the  activities  of  the  strange  thalatsini- 
dean  mud  prawn,  Tkalassint  amomala  (Herbst).  The 
burrows  of  this  prawn  have  one  entrance  surmounted 
by  a  mound  of  soil  which  is  often  three  feet  high. 

The  following  animals  were  encountered  within  the 
shade  of  the  Ceriofs  thickets  and  downslope  to  the 
edge  of  the  steep  creek  bank.  In  the  list  below  a  = 
abundant ;  c  =  common ;  p  s  present ;  and  I  =  locally : 


Crustacea 

Alfkeus  sp.  or  spp.  c-a 

Cleistostoma  uvrdi  Rath  bun  la 

EmfUr  tndeutata  (H.  M  Kdw.)  c 

Eurycarciuus  imlrgrilrtms  de  Man  p 

//Wire  hasu-rUiauut  t  Whiteiegg )  c 

Heiice  leaeki  Hess  c 

II  yo  ft  as  deulata  Ward  C 

Mctofografius  graeilifes  de  Man  c-a 

Mclofografsus  foci  feus  Dana  c 

S  a  rmal  turn  cross* m  !>ana  p 

Sriarma  ( Ckiromamtcs )  sp. 

f  cf.  semftri  >  c-a 

Se surma  I Chiromamles 1  sp. 

lei.  guttata )  c-a 

Scsarma  t 1  kiromautes  >  sp.  c-a 

Sriarma  meiueni  de  Man  c-a 

Scsarma  smitki  II  M.  Kdw.  p-c 

7  kalsssiua  ouamaia  1  Herbst )  C 

f  ca  bcllator  i  White  <  p 

l  ca  dussumicr i  i  !l.  M.  Kdw.  t  c 

'  i  a  la-  Ira  I  dc  Haan  i  p 

Mollusca 

(  asstdula  augulijcra  Petit  a 

C  minima  rugata  Mrtikr  c 

l  mtkidca  auht  ifala  Irrdale  a 

i  critkidca  flu:  latdts  >  I*  &  M  >  c 

l-Mt-btum  aa-itudac  I.  c 

IJI.dnuut  nun  ’  p 

Ouckid-.um  iamcU  Semper  la 

Ofkt.  a: dcinl  mi.olui  H  &  \  \d  a 
Trtcbralm  faiustas  S_  c  a 

J crcbralta  mi,  ala  IL.m  a 

(,'Wi  iw  (,+ataus  ( ,ni  la 


Of  the  rruilarcam  in  itm  hit,  «nmr  arc 
ami  wmr  mrrrii  »rek  Uxdle:  under  fa.’len  logs.  hark, 
etc  .  or  ametg  the  knee  root*  of  Bntgmtrra  tree*  In 
■he  nrli  iwmiu,  one  n»Ji  -nr-wnttr  ionni  which 
are  rsnt  vmi  late*  in  the  «fc-y  The  bcnosir^  specie; 
-*f  V-  larmo  arc  rarely  otwerved  during  th*  heat  of 
•he  day  or  during  the  a  fir  mono 

The  Urgrr  irumui.  bring  manly  vegetarian. 
pu»  the  seedling*  of  .(rvnms.  Bntgmrra,  and 
«  ermfs  and  may  profoundly  affect  regeneration  of 
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the  mangroves.  This  lias  been  commented  on  by  This  sjiecies  ranges  widely  and  has  frequently  been 

Watson  (.1928;.  The  smaller  sesarmas  often  feed  confused  with  ,1/.  incssor  of  ojien  sea  beaches, 

upon  leaves  or  dead  animals.  Metopograpsus  gra-  Fiddler  crabs  are  not  normally  seen  deep  within 
nil  pcs  is  a  carnivore  which  usually  feeds  on  smaller  tile  mangrove  forests,  but  at  Townsville,  where  the 
crabs  or.  occasionally,  carcasses  of  other  animals,  forests  are  not  extensive,  they  may  be  observed 
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BSTUASIES:  ECOLOGY  AND  POPULATIONS 


Fig.  4.  Transects  across  mangrove  areas.  4A  (above),  south  of  Townsville;  4B  (below),  on  Magnetic  Island. 
The  divisions  in  the  scale  at  left  represent  \/  m;  the  trees  are  drawn  to  scale.  The  numbers  of  tides  above  certain 
levels  are  indicated. 


throughout.  Uca  dussumieri  is  a  large  species  and 
almost  always  occurs  in  the  shelter  of  the  mangroves 
which  line  the  creeks.  Uca  bellalor  and  Uca  laclea 
frequent  the  margins  of  the  mangrove  forests. 

Thalassina  anomala  makes  huge  burrows.  Heaps 
of  mud  often  up  to  75  ctn  high  alternate  with  sub- 
conical  pools  of  water.  The  animals  have  been  seen 
pushing  rtTud  out  at  the  top  of  the  volcano-like  mound. 
Whether  the  burrow  is  simple,  with  one  entrance  as 
Verwey  (1930)  describes,  or  a  U-shaped  structure 
like  that  of  most  thalassinideans  is  uncertain,  but 
both  types  may  occur.  As  a  result  of  this  animal’s 
presence,  there  is  a  great  turnover  of  the  mud  on  the 
forest  floor.  Occasionally  the  ground  level  in  an  iso¬ 
lated  clump  of  Ceriops  may  l>e  about  25-30  cm  above 
the  general  level  of  the  bare  area  around  it,  because 
of  the  burrowing  activities  of  Thalassina  anomala. 

The  molluscs  mentioned  may  all  be  seen  crawling 
over  the  surface  of  the  mud.  They  are  less  common 
where  Thalassina  is  abundant  and  more  abundant  in 
its  absence.  The  two  species  of  Tercbralia  seem  to 
prefer  muddy  substrata  and  are  most  common  in  and 
around  shallow-water  pools  on  the  forest  floor.  Cas- 
sidula  spp.  crawl  among  the  decaying  vegetation. 
Cerithidca  spp.  climb  up  the  tree  trunks  and  rest  just 
above  high-water  level.  Onchidium  tends  to  bury  it¬ 
self  in  the  mud  and  is  seen  only  just  after  the  ebb 
tide.  Gclcina  coaxans  is  a  large  subspherical  bivalve 
which  may  tie  found  on  the  surface,  but  more  prob¬ 
ably,  normally  lives  some  10-15  cm  below  the  surface. 

Steep  creek  hanKS  form  the  characteristic  habitat 
of  Uca  coarclata  (H.  M.  Edw.).  This  species  has 
conspicuous  white  meropodites  on  the  last  pair  of  legs 
and  is  \  cry  similar  in  size  to  Uca  dussumieri.  Both 
species  belong  to  the  same  subgroup  of  the  genus  but 


always  appear  to  be  separable,  taxonomicallv,  on  eco¬ 
logical  grounds.  U.  dussumieri  was  never  seen  on 
steeply  sloping  bap.ks.  U.  coarclata  was  rarely  ob¬ 
served  on  level  ground,  and  then  only  in  the  absence 
of  the  other  species. 

The  large  crab,  Afacrophthalmus  latrcillei  H.  M. 
Edw.,  was  abundant  on  the  creek  banks  at  the  low  tide 
water  level.  It  is  also  characteristic  of  the  muddy 
flats,  around  mean  sea  level,  of  sheltered  bays.  Off 
the  esplanade  at  Cairns  they  were  found  to  be  more 
or  less  evenly  distributed  at  intervals  of  50  cm.  The 
smaller  M.  pacipcus  was  also  found  on  the  upper 
portion  of  these  banks. 

Scuttling  round  the  prop  roots  of  Rhizophora  were 
many  large,  blue  Mctopograpsus  lalifrons  (White). 
This  species  was  never  observed  on  the  floor  of  the 
mangrove  forests  nor  was  it  seen  together  with  M. 
gracilipcs.  Oysters  (almost  certainly  a  form  of  Cras- 
sostraea  cucullata  (Born.))  grew  on  the  roots  of 
Rhizophora.  Barnacles  were  uncommon. 

Where  the  floor  of  the  creeks  was  exposed  many 
specimens  of  Tclcscopium  telescopium  L.  crawled 
over  the  mud.  They  moved  up  among  the  pneumato- 
phores  of  the  lowermost  mangroves  and  into  the 
forests,  provided  the  surface  mud  was  semifluid  and 
the  creek  banks  were  not  steep,  meeting  with  the 
species  of  Tercbralia. 

Two  mudskippers  were  common.  One.  Perioph- 
thahnus  kalolo  Lesson,  was  abundant  and  ranged  in 
size  up  to  10  cm;  the  other.  Pcriophthalmodon  aus¬ 
tralis  Castelnou,  ranged  up  to  25  cm  in  length. 
These  species  were  identified  by  C>.  P.  Whitley. 
Where  Aviccnnia  grows  near  the  water’s  edge,  form¬ 
ing  a  "seaward  fringe”,  there  are  holes  among  the 
pneumatophores  made  by  the  siphons  of  Glauconome 
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Fig.  5.  Map  of  mangroves  on  the  western  shore  of 
Magnetic  Island.  Notice  the  distinctly  zoned  mangrove 
area  and  the  presence  of  a  bare  area  within  the  thickets 
of  Ceriops.  The  landward  fringe  is  so  narrow  that  it 
does  not  show  on  this  scale.  The  heavy  line  lower  right 
is  the  line  of  transect  A — B  in  Fig.  4B. 

virens  (L.).  Shells  of  G.  virens  lie  among  the  mass 
of  Avicennia  roots  some  5-10  cm  below  the  surface. 

Where  the  bank  below  the  mangrove  area  contains 
spits  of  sand,  Uca  vocans  (Latr.)  (=  U.  marionis 
(Desm.))  and  an  undescribed  species  with  a  tuft  of 
hair  at  the  base  of  the  finger  and  thumb  commonly 
occur.  At  a  slightly  lower  level,  but  extending  up 
into  the  most  seaward  mangroves  if  the  bank  is  sandy 
or  of  sandy  mud,  armies  of  Myctyris  longicarpus 
Latr.  mill  around. 

Worms  were  scarce  and  were  rarely  found  by- 
casual  digging.  The  few  specimens  I  collected  were 
identified  by  Mrs.  P.  Mather,  University  of  Queens- 
land,  as  Marphysa  sanguined  (Montagu).  On  one 
occasion  numerous  egg  masses  of  a  Marphysa  were 
found  scattered,  about  a  foot  apart,  among  the  pneu- 
matophores  of  Avicennia  in  the  seaward  fringe. 

COMPARISON  WITH  OTHER  MANGROVE 
AREAS  IN  NORTH  QUEENSLAND 

Magnetic  Island 

I  have  stated  above  that  the  mangroves  around 
Townsville  are  impoverished,  albeit  extensive.  In 
some  ways  they  are  remarkably  like  those  of  Inhaca 
Island  off  Lourenco  Marques  at  26*  S,  described  by 
Macnae  and  Kalk  ( 1962a).  To  look  at  a  more  typical 
tropical  mangrove  one  does  not  have  to  travel  far 
from  Townsville.  Some  6  km  across  the  bay  lies 
Magnetic  Island,  which  rises  steeply  from  the  sea  to 
a  maximum  height  of  alxwt  500  in.  There  are  no 
records  of  rainfall  for  the  island,  but  it  is  probably 
close  to  double  that  of  Townsville. 


The  map  (Fig.  5)  and  the  transect  (Fig.  4)  indi¬ 
cate  that  the  mangroves  are  more  continuous  laterally, 
with  restricted  bare  areas,  and  are  quite  distinctly 
zoned. 

The  mountainside  is  clothed  by  a  forest  of  euca- 
lypts;  the  swampy  flat  between  this  forest  and  the 
sea  is  dominated  by  species  of  Melaleuca,  the  paper- 
bark  tea  tree. 

Quite  abruptly,  one  then  enters  the  mangrove  area 
where  the  following  zones  are  clearly  defined : 

The  Landward  Fringe — Within  this  fringe  of  man¬ 
groves  Avicennia  marina  is  the  most  conspicuous  tree, 
but  with  it  occur  Aegiclilis  annulata,  a  sprawling 
shrub;  Aegiccras  cornicuiatum  (L.)  Blanco,  Bru- 
guiera  gymnorhiza,  Excoecaria  agallocha,  Hibiscus 
tiliaceus  L.,  Lumnitsera  liltorea  (Jack)  Voigt,  L. 
racemosa,  Osbornia  octodonta,  Rhisophora  slylosa, 
and  Xylocarpus  granotum,  with  the  lianas  Cynanchum 
car  nosum  and  Derris  trifoliata.  Occasional  clumps 
of  the  samphire,  Tecticornia  cinerea  (F.  Muell.) 
F.  M.  Bail,  occur  on  drier  ground.  During  my  visit 
in  February,  the  whole  of  this  area  was  covered  by 
about  2  cm  of  water. 

Ccriops  Thickets — The  landward  fringe  thins  out 
as  bushes  of  Ceriops  tagal  become  common  and  even¬ 
tually  take  over  as  an  almost  pure  stand  with  only 
occasional  trees  of  Avicennia,  Bruguiera  gymnorhiza, 
and  B.  exaristata.  The  height  of  the  bushes  decreases 
until  finally  a  bare  area  is  encountered ;  on  the  oppo¬ 
site  side  the  Ceriops  bushes  increase  in  height  until, 
as  trees  of  some  7-8  m,  they  merge  with  the  Bru¬ 
guiera  forest. 

Bruguiera  Forest — The  dominant  tree  is  Bruguiera 
gymnorhiza  with  Xylocarpus  australasicum  Ridl.  ( ? 
=  X.  molluccensis  (Lam.)  M.  Roem.)  common.  The 
ground  is  firm  and  muddy. 

Rhizophora  Forest — Rhisophora  stylosa  gradually 
displaces  Bruguiera  on  extremely  soft  ground. 

Seaward  Avicennia  Fringe — This  is  a  fringe  of 
Avicennia  marina  rarely  more  than  one  tree  deep. 
The  ground  is  muddy  but  the  mat  of  nutritive  roots 
lying  some  20-30  cm  below  the  surface  gives  support 
to  a  walker.  This  fringe  is  just  below  the  level  of 
ordinary  neap  high  waters. 

The  animals  listed  above  showed  the  same  type  of 
distribution  within  the  mangroves  on  Magnetic  Island. 

Hinchinbrooke  Channel 

This  stretch  of  coast,  beginning  some  150  km  north 
of  Townsville,  was  by  far  the  largest  mangrove  area 
visited.  The  mangroves  stretch  along  some  40  km  of 
the  continental  shore  and  are  up  to  6  km  deep.  The 
Hinchinbrooke  Channel  is  a  rift  valley  with  steep 
sides  and  a  narrow  coastal  plain  along  the  continental 
shore.  It  is  a  drowned  valley  and  represents  the  old 
lower  course  of  the  Tully  River. 

The  zones  recognized  on  Magnetic  Island  were 
again  visible  (Fig.  6).  A  slight  variation  is  present 
at  the  landward  edge  of  the  Ceriops  thickets,  for  these 
are  invaded  locally  by  Scyphiphora  hydrophyllacea 
Gaertn.  Bare  areas  are  rare.  A  road  (Fig.  6)  has 
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Fig.  6.  Aerial  photograph  of  the  southern  end  of  the 
Hinchinbrooke  Channel  at  Lucinda.  Note  the  encroach¬ 
ment  of  sugar  cultivation  and  that  bare  areas  are  uncom¬ 
mon.  One  distributary  of  the  Herbert  River  crosses  the 
picture.  (Crown  copyright  reserved;  reproduced  by  per¬ 
mission  of  the  Honorable  Minister  of  Lands.  Queens¬ 
land.) 

been  cut  through  from  Halifax  to  a  sugar  loading 
station  at  Lucinda,  and  along  the  roadside  there  have 
developed  ad  hoc  communities  consisting  mainly  of 
Aegiccras  cornicu'atum,  indicating  strong  freshwater 
influence,  Ccriops  tagal,  Lumnitscra  litlorea  and  L. 
raccmosa,  and  Ccriops  decundra  (Griff.)  Ding  Hou, 
which  was  seen  nowhere  else. 

The  disturbed  areas  are  colonized  by  thick,  almost 
inqienetrable,  masses  of  the  fern  Acrostichum  spcci- 
osum  VVilld.  and  the  spiny-leaved  Acanthus  ilicifolius 
L.  These  two  plants  are  always  opportunists.  They 
normally  occur  in  the  landward  fringe,  but  take  ad¬ 
vantage  of  any  clearing.  On  occasion  they  may  grow 
so  thickly  as  to  inhibit  regeneration  by  preventing  the 
seedlings  of  the  mangrove  trees  from  reaching  the 
soil.  In  the  Hinchinbrooke  stretch  these  two  form 
part  of  the  field  layer  in  the  Bruguicra  forests. 

In  the  wetter  parts  of  the  area  the  Ccriops  thickets 
become  overgrown  and  straggly  and  are  replaced  by 
forests  of  Bruguicra  parviftora  (Roxb.)  Am.,  a  tall 
slender  tree  with  abundant  regeneration  and  several 
age  groups. 

Rhisophora  apiculata  Blume  Incomes  associated 
with  R.  stylosa  in  the  Rhisophora  forests,  occurring 
about  1  in  50  near  Lucinda  at  the  southern  end  of  the 
channel :  it  increases  northwards  and  is  present  in  1 
in  5  at  the  northern  Cardwell  end. 


The  fauna  comprises  the  same  animals  as  have  been 
listed  above. 

Innisfail  to  Cairns 

Innisfail  lies  within  one  of  the  wettest  districts  of 
Queensland  and  has  a  rainfall  of  approximately  2,480 
mm  (137  inches).  Furthermore,  there  is  an  appreci¬ 
able  fall  in  the  drier  winter  months. 

The  rain  fores*  comes  down  to  the  sea  level  and 
merger  with  the  mangroves.  These  conditions  also 
apply  at  Cairns  and  Mossman,  whe.  rainfall  is 
around  2,000  mm  (80  inches). 

The  landward  fringe  of  the  mangrove,  in  addition 
to  scattered  specimens  of  each  tree  species  character¬ 
istic  of  a  mangrove  swamp,  also  contains  several  of 
the  epiphytes  from  the  neighboring  forests:  ferns, 
orchids,  ant-plants,  and  others.  All  the  trees  are  tall, 
reaching  what  is  probably  their  maximum  size. 

Forests  of  Bruguicra  part’iflora  dominate  in  the 
middle  stretch  and  reach  heights  of  more  than  30  m, 
but  the  trunks  remain  slender  with  a  diameter  of 
about  25-35  cm.  The  Ccriops  thickets  are  often 
absent. 

A  zone  of  Sonneratia  alba  ).  Sm.  may  be  found 
outside  of  the  seaward  At'icennia  zone,  which  is  still 
present.  Such  a  Sonneratia  zone  is  only  locally  de¬ 
veloped,  and  it  is  difficult  to  adduce  a  reason  for  either 
its  presence  or  absence. 

On  most  beaches  throughout  the  world,  there  is  a 
strong  seepage  of  fresh  water  at  a  level  close  to,  or 
somewhat  above,  mean  sea  level.  Where  this  occurs 
in  front  of  a  mangrove,  e.g.,  just  north  of  Cairns  and 
near  Port  Douglas,  a  strong  growth  of  saplings  of 
Aviccnnia  marina  and  Acgiceras  corniculatum  de¬ 
velops.  (Acgiceras  corniculatum  is  a  species  of  man¬ 
grove  which  favors  areas  with  reduced  salinity. 
Hence,  it  is  the  one  which  penetrates  farthest  up¬ 
stream  on  the  permanent  banks  of  rivers.  In  Aus¬ 
tralia  it  occupies  the  position  taken  up  by  Barring- 
tonia  raccmosa  Roxb.  in  East  African  mangroves.) 

DISCUSSION 

Zonation  Within  the  Upper  Intertidal  Region 

The  zonation  of  plants  and  animals  within  the  up¬ 
per  intertidal  region  is  associated  with  rising  ground 
level  and  the  consequent  drop  in  frequency  of  tidal 
flooding.  Assuming  a  hypothetical  sheltered  shore 
which  slopes  gradually  downwards,  five  zones  would 
be  recognizable.  P»ut  such  gentle  slopes  are  rare ; 
there  is  a  tendency  on  any  shore  for  the  beach  to 
flatten  out  at  one  level  or  another,  and  then  the  zone 
characteristic  of  that  level  is  the  most  conspicuous 
one  ( Macnae  and  Kalk,  1962b).  Modifications  will 
also  follow  from  the  entry  of  a  creek,  and  will  result 
from  the  interference  of  rainfall,  evaporation,  and 
salinity.  No  zone  is  exempt  from  interference. 

The  Landward  Fringe 

It  has  been  shown  that  this  fringe  assumes  either 
of  two  forms :  ( 1 )  If  the  landward  vegetation  is 
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wooded  this  zone  will  contain  any  tree  which  one 
may  expect  to  find  in  a  mangrove.  If  the  terrain  has 
water  close  to  the  surface  Aegiceras  corniculatum  or 
'druguiera  gymnorhiza  will  predominate.  Where  there 
are  only  scattered  bushes  or  “wallum”  (Coaldrake, 
1961),  this  fringe  will  tend  to  be  Avicennia  marina 
or  Lumnitzera  spp.  (2)  If  the  landward  vegetation 
is  grassland,  then  a  sward  of  species  of  Arthrocne- 
mum,  Susuvium  portulacastrum,  and  Sporobolus  vir- 
ginicus  will  occur,  and  this  may  or  may  not  be  shaded 
by  an  Avicennia  parkland. 

The  landward  fringe  is  colonized  by  few  animals; 
Sesarma  meinerti  and  S.  smithi  will  burrow  in  shaded 
areas.  Uca  lac  lea  and  U.  bcllalor  will  occur  in  more 
o|>en  sunny  places. 

Tools  left  by  the  tide  are  occupied  by  mosquito  lar¬ 
vae  Five  species  are  common  at  Mackay,  some  300 
km  south  (Marks,  1947),  and  these  species  are  com¬ 
mon  along  the  Queensland  coast.  Aedes  vigilax 
(  ;  Sku.se)  lays  its  eggs  in  pools  left  by  high  tides;  they 
hatch,  and  larvae  and  pupae  develop  through  their 
life  cycle  before  the  next  high  tide.  The  pools  chosen 
for  oviposition  and  in  which  larvae  have  been  found 
are  almost  always  in  full  sunlight.  Aedes  alternant 
(Westwood)  is  a  large  mosquito  exceeding  one  cm 
long  which  breeds  in  both  salt-  and  freshwater  pools. 
Aedes  scutellaris  (Walker)  breeds  in  rot  holes  in 
Avicennia  trees.  Culex  siliens  Wiedemann  breeds  in 
tidal  pools,  both  in  the  open  and  in  the  deep  shade  of 
the  landward  fringe  of  mangroves.  Anopheles  faranli 
Laveran  breeds  in  shaded  pools  among  the  roots  of 
the  mangroves  and  in  more  open  areas.  Anopheles 
amiclus  Edwards  subsp.  hilli  Woodhill  and  Lee  breeds 
in  0|>en  sunny  pools  on  the  mud  flats. 

Ceriops  Thickets 

In  many  mangrove  areas  this  is  the  zone  of  great¬ 
est  extent ;  in  others  it  is  absent ;  and  again,  it  may 
he  interrupted  by  extensive  bare  areas. 

Where  rainfall  is  high  and  well  distributed  over 
the  year,  thickets  of  Ceriops  tagal  are  not  found ;  the 
landward  fringe  and  the  Bruguiera  forest  meet  and 
occupy  the  area  where  Ceriops  would  be  expected. 
As  rainfall  decreases  and  rate  of  evaporation  rises, 
the  moisture-loving  species  of  Bruguiera  become  re¬ 
stricted  and  Ceriops  increases  its  distribution.  As  the 
rainfall  decreases  further,  the  trees  become  stunted 
into  bushes  and  bare  areas  develop.  These  bare  areas 
increase  in  extent  with  decreasing  rainfall  and  in¬ 
creasing  evaporation  rate.  As  a  corollary,  the  salinity 
of  the  soil  increases.  Few  other  trees  grow  with 
Ceriops  in  these  thickets. 

The  animal  population  varies  with  the  degree  of 
cover.  Thalassina  anomala  may  range  from  common 
under  cover  to  absent  where  there  is  none.  Burrow¬ 
ing  crabs  are  always  present ;  non-burrowers  are  less 
frequent.  In  open  spaces  the  fiddler  crab  Uca  beilator 
may  be  very  abundant.  This  species  seems  to  be  the 
most  tolerant  of  all  fiddlers,  It  appears  to  be  able  to 
withstand  hot,  ury  areas  as  efficiently  as  the  smith- 


east  African  Uca  universa  (Hoffman),  but  unlike 
this  species  it  penetrates  into  the  shade  of  the  trees. 

As  elsewhere  in  the  Indo-West  Pacific,  Ceriops 
tagal  is  a  favorite  nesting  tree  of  the  weaver  ant. 
Occophyila  sp. 

Bruguiera  Forests 

These  have  their  greatest  extent  and  development 
in  the  “ever-wet”.  With  decreasing  rainfall  and  in¬ 
creased  evaporation  the  Bruguiera  forests  become 
narrowed  and  trees  less  tall.  Bruguiera  parviflora 
is  the  tallest  mangrove  known  to  me.  It  forms  dense 
stands  and  the  trees  are  close  together;  there  is  also 
considerable  regeneration  and  several  age  groups  of 
saplings  occur.  B.  gymnorhiza,  usually  associated 
with  Xylocarpus  australasicusn,  forms  a  more  open 
forest.  Bruguiera  forests  tend  to  be  most  extensive 
and  grow  best  in  areas  where  there  is  abundant  fresh 
water.  This  is  in  agreement  with  their  Malayan 
distribution  (Watson,  19281.  An  occasional,  very  tall, 
aged  tree  of  Sonneratia  alba  may  be  encountered. 

There  are  more  crabs  and  snails  on  the  floor  of 
these  forests  than  anywhere  else  in  the  mangrove. 
I-a:ge  colonies  of  u  black  ant  are  common  on  low 
mounds  on  the  forest  floor;  the  ants  seal  the  en¬ 
trances  from  within  as  the  tide  rises. 

Creeks  are  the  home  of  Scylla  serrata  (Forskal), 
one  of  the  best  of  all  edible  crabs.  They  live  in  large 
burrows  some  3-4  m  long  and  grow  to  a  carapace 
width  of  about  14  cm. 

Rhisophora  Forests 

I  have  mentioned  two  species  of  Rhisophora,  R. 
stylosa  and  R.  apiculata,  though  R.  mucronata  is  the 
common  Rhisophora  of  the  bulk  of  the  Indo-West 
Pacific  region.  In  Malaya  R.  apiculata  tends  to  occur 
in  water  of  lower  salinity ;  R.  mucronata  is  dominant 
in  water  approaching  normal  salinity;  R.  stylosa  is 
rarer  and  occurs  only  in  the  shelter  of  coral  reefs  and 
on  stony  ground.  I  found  no  R.  mucronata  in  Aus¬ 
tralia,  and  all  previous  records  seem  to  apply  to  R. 
stylosa.  Only  R.  stylosa  was  seen  on  a  visit  io  Low 
Isles,  and  this  was  recorded  as  R.  mucronata. 

In  the  Australian  swamps,  R.  apiculata  occurred 
abundantly  only  in  places  with  a  high  rainfall  and 
consequent  high  level  of  ground  water,  probably  of 
reduced  salinity.  R.  stylosa  occurred  in  <di  situations 
where  one  would  expect  to  find  a  Rhisophora.  Whereas 
in  southeast  Asia  it  appears  to  have  ecological  pref¬ 
erences,  it  shows  no  peculiarities  of  habitat  nor  pref¬ 
erences  in  Australia 

The  fauna  depends  on  the  degree  of  fluidity  of  the 
mud.  If  the  terrain  is  firm,  it  is  occupied  by  the  ani¬ 
mals  characteristic  of  the  upper  mangrove  rones.  If 
the  terrain  is  soft,  the  zone  is  dominated  by  species 
of  Alpheus,  and  few  crabs  run  on  the  surface.  They 
are  confined,  like  M etopograpsus  loti/rons.  to  running 
over  and  around  the  prop  roots. 
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The  Seaward  Fringes 

The  extension  of  a  mangrove  area  out  to  sea  and 
the  colonization  of  recently  formed  hanks  of  sand, 
mud,  gravel,  or  a  mixture  of  them  depends,  as  far  as 
observation  suggests,  on  either  Sonneratia  alba  or 
Avicennia  marina.  Sonneratia  develops  into  well- 
formed  trees  at  a  level  only  a  little  above  mean  sea 
level.  Seedlings  of  both  trees  are  frequently  far  out 
on  the  data,  but  they  die  within  their  first  year. 
Death  is  partly  the  result  of  being  chewed,  partly  the 
result  of  shading  by  encrustation  with  mud. 

The  fringe  normally  consists  of  only  a  few  rows 
of  mature  trees  fronted  by  a  dense  growth  of  saplings. 
Observations  at  Richards  Bay  in  Natal,  South  Africa 
(Macnae,  1963),  indicate  that  Avicennia  cannot  grow 
in  dense  shade.  Its  roots  run  horizontally  at  a  depth 
of  about  SO— 75  cm;  from  them  rise  pneumatophores 
which  give  off  numerous  nutritive  roots.  Hence,  a 
dense  mat  of  thread-like  roots  is  formed  some  25-30 
cm  below  the  surface.  Sonneratia  has  a  similar  root 
system  (Backer  and  Van  Steenis,  1951).  These  two 
species  are  capable  of  holding  the  surface  soil  firm 
and  protecting  the  seedlings  of  Rhizophora  which  ger¬ 
minate  in  their  shade.  These,  in  turn,  will  grow  to 
shade  out  the  Avicennia  fringe  trees,  and  the  advance 
goes  on  steadily  out  to  sea. 

Unlike  Avicennia,  some  trees  of  Sonneratia  persist 
when  surrounded  by  Rhisophora  and  Bmguiera,  and 
an  occasional  stag-headed  tree  may  overtop  the  forests 
of  B.  gymnorhisa.  Saplings  of  Aegiceras  cornicnla- 
tnm  occur  with  the  saplings  of  Avicennia  and  Sonne- 
ratio  only  along  the  line  of  seepage. 

Animals  arc  rare  in  the  soft  mud  at  this  level,  ex¬ 
cept  for  colonies  of  Glanconome  virens  and  crabs. 
Macrophthatmns  pacific  ns.  Liltorina  (Melarapha) 
scabra  is  abundant  on  the  leaves  of  the  trees  at 
this  level,  and  becomes  scarcer  towards  the  landward 
fringe. 

Modifications  Due  to  an 
Estuaey  Entering  the  Sea 

The  fringe  species  are  first  visibly  affected  as  the 
shore  turns  from  the  sea  into  the  estuary  mouth. 
There  is  a  tendency  for  the  seaward  fringe  to  dis¬ 
appear  and  for  the  Rhizophora  forest  to  border  the 
stream  bank.  If  the  rivermeuth  is  wide  the  fringe 
of  Avicennia  or  Sonneratia  will  go  upstream  for  some 
way.  but  sooner  or  later  it  will  drop  out.  There  is 
a  tendency  for  one  lank  of  an  estuary  to  be  an  erosion 
hank  and  the  other,  a  bank  of  deposition.  The  latter 
will  be  colonized  by  Avicennia,  Sonneratia,  or  Rhi¬ 
sophora.  but  more  usually  by  one  of  the  first  two. 
The  vegetation  on  the  erosion  hank  will  depend  on  the 
type  of  forest  being  invaded.  Such  erosion  hanks  are 
colonized  by  Vca  coon  tala,  Melopograpms  gruciiipei, 
and  ,U.  lati/rons ;  the  banks  of  deposition,  by  XJac- 
rophthalmns  pact  fens  and  Siaerophthalmns  latreUUi. 

Xyiocarpms  granatnm,  Avicennia  manna,  and  par¬ 
ticularly  Aegiceras  corntcnJeJnm  extend  farthest  up¬ 
stream  into  that  part  of  the  estuary  which  is  under 
predominantly  freshwater  influence. 


Influence  of  Salinity  and  Desiccation 

Studies  at  Manly,  just  south  of  Brisbane,  by  Miss 
Judy  Badham  (unpublished),  and  at  Inhaca  Island  off 
Lourenco  Marques  by  myself  and  others  indicate  that 
salinities  of  the  soil  waters  in  the  bare  areas  may 
reach  levels  of  over  100  %c.  Avicennia  marina  grows 
in  soils  of  over  90%*  but  then  it  forms  copses  rarely 
more  than  waist  high.  Such  copses  are  common  at 
Inhambane  in  south  central  Mozambique,  but  were 
not  seen  in  Queensland.  Ceriops  tagal  at  Inhaca 
gTows  well  in  soils  of  salinity  around  70%*  but  not 
above  this.  Vca  longidigitnm  (Kingsley)  (perhaps 
a  southern  form  of  V.  bellator)  occurs  on  these  hyper¬ 
saline  flats  near  Brisbane  and  V.  invert  a  at  Inhaca. 
It  is  equally  clear  that  V.  bellator  is  capable  of  living 
under  conditions  of  similar  high  salinity,  since  it 
occurs  commonly  on  salt-encrusted  flats. 

Influence  of  Soil  Febtility 

The  regions  of  best  development  of  mangroves  seen 
were  Lucinda,  Innisfail,  Cairns,  and  Mossman.  The 
rivers  responsible  for  the  deposits  along  the  estuaries, 
and  alongshore  in  these  regions,  drain  areas  of  ba¬ 
saltic  rocks  of  comparatively  recent  lavas.  Such  soils 
are  known  to  possess  a  high  fertility,  and  when  this 
is  combined  with  an  ample  rainfall,  conditions  would 
appear  to  be  right  for  maximum  development  of 
mangroves. 

Along  the  foot  of  the  Cardwell  ranges  the  soils  are 
quartzitic  and  poor.  In  spite  of  a  good  rainfall  the 
development  is  mediocre. 

Along  the  shores  of  Cleveland  Bay  on  the  deltaic 
deposits  associated  with  the  Koss  River,  development 
of  mangroves  is  marginal- -the  result  of  poor  soils 
derived  from  quartzites  and  an  inadequate  rainfall 

Causation  of  Animal  Disthibution 

The  mangroves  of  Natal  and  Pondoland  in  south¬ 
eastern  Africa  indicate  (Macnae.  1963)  that  the  fauna 
associated  with  mangroves  is  one  characteristic  of 
sheltered  shores  on  which  grow  some  shade-giving 
plants,  either  mangroves  or  grasses  s  jch  as  Spartina 
and  an  ample  cover  of  samphires  <  Arthrocncmum 
spp. ).  This  is  confirmed  by  the  hasic  similarity  be¬ 
tween  the  Lunas  of  the  mangroves  described  here. 
But  biogeographic  factors  interfere  and  the  fauna  de¬ 
scribed  here  is  restricted  to  Queensland  Mangroves 
occur  in  central  New  South  Wales  near  Melbourne, 
ami  in  the  southern  Australian  (lulls:  their  fauna  is 
tliat  typical  of  sheltered  sliorcs  in  tliese  regions. 

Comi>artng  Queensland  mangroves  with  thosr  of 
the  eastern  ccists  of  Africa,  wt  find  no  parallel  to 
the  African  Sesarnui  enhmene  and  S.  orlmann i  which 
arc  restricted  to  the  suprahttoral  fringe,  just  around 
the  high- water  mark  of  ordinary  spring  tide*.  The 
other  sesarmas  occur  on  firm  ground.  When  the 
ground  becomes  soft.  Alphens  spp.  and  Uaerophthal- 
mns  spp.  dominate.  These  two  statements  refer  to  any 
intertidal  level  within  the  mangrove  tune.  Most  other 
animals  listed  show  little  or  no  predilection  for  a  par 
ticular  level. 


A  '**» 
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It  i«  a  singular  fact,  in  view  of  man's  proximity  to 
coastal  resources  and  his  dependence  on  them,  that 
intensive  investigation  of  the  biological  aspects  of 
estuaries  did  not  commence  until  early  in  the  present 
century  (Hedgpeth,  1957a).  Since  then,  however, 
the  number,  breadth,  and  depth  of  such  researches 
has  increased  at  an  accelerating  rate  (Day,  1951, 
1964;  (iislen,  1930;  Gorsline,  1962;  Hedgpeth,  1957e; 
Hesse  ct  al.,  1951 ;  Moore,  1958;  Pearse,  1950;  Red- 
eke.  1933;  Reid,  1961 ;  Remane,  1934,  1958;  Rochford, 
1951 ;  Yonge,  1949a). 

This  perspective  is  an  attempt  to  provide  an  over¬ 
view  of  major  trends  and  advances  in  the  held  of 
estuarine  ecology  as  it  applies  primarily  to  estuarine 
benthic  invertebrates,  and  to  point  out  some  neglected 
aspects  which  suggest  avenues  for  further  research. 
The  benthos  will  be  considered  in  the  categories  of 
infauna,  sessile  epifauna,  slowly  moving  epifauna 
(Petersen,  1913),  and  mega-,  meio-,  and  microben¬ 
thos  (Mare,  1942).  The  prefix  mega-  (meaning 
large,  great)  is  preferred  to  macro-  (meaning  long, 
large)  and  is  employed  in  this  perspective. 

The  largest  volumes  of  fresh  water  meeting  the 
sea  enter  the  Atlantic  and  Arctic  Oceans  which  re¬ 
ceive  all  the  European,  and  the  most  important  Afri¬ 
can.  North  American,  and  South  American  rivers 
(Hesse  <7  al.,  1951).  These  estuaries  range  in  form 
from  broad,  open,  relatively  shoal,  dendritic  inden¬ 
tures  like  the  Miramichi  Estuary  ( Rous  field,  1955a), 
Delaware  Bay  (Shuster,  1959).  Chesapeake  Bay 
(  Pritchard,  1952b  .  Crouch  and  Roach  Estuaries 
(Waugh.  1957 1.  Baltic  Sea  ( Segerstraale.  1957, 
1964),  Knysna  Estuary  (Day  ct  al.,  1952),  Austral¬ 
ian  estuaries  (Rochford,  1951),  and  Mangoku-l'ra 
Inlet  { Imai  cl  al..  1951 ).  to  scries  of  shallow  anasto¬ 
mosing  sounds  and  lagoons  Imffercd  from  the  ocean 
by  narrow  barrier  1m rs  of  sand  breached  intermit¬ 
tently  by  inlets  like  the  eastern  New  Jersey  estuaries 
(Carriker.  J9tila).  North  Carolina  estuaries  (  Roelofs 
ami  Bumpus.  1954).  I-nttisiana  estuaries  (Mackin  and 
Hopkins.  1962).  Texas  estuaries  (Collier  and  Hedg¬ 
peth.  1950).  to  emhaymenls  with  deep  basins  and 
strep  shores  like  the  fjords  of  Scandinavia.  Green¬ 
land.  and  New  Zealand  <  Gaardcr  ami  Sparrk,  1933; 
Fleming.  1950;  Thnrson,  1933;  (Jislvn.  1930).  Un¬ 
der  certain  circumstances  the  mouths  of  estuaries  may 
close  to  form  blind  embayments  (Day.  1964:  Scott 
cl  al .  |952>  Dav  (1931.  1964).  Emery  and  Steven¬ 
son  (1957a).  Pritchard  (1952a.  1955.  1960a.  b),  and 
Rochford  f  1931 )  include  review*  of  general  classifi¬ 


cations  of  the  physical  features  of  estuaries.  The  ge¬ 
ological  origin  of  the  estuary  is  inqiortant  as  it  de¬ 
termines  the  character  of  the  water  and  sediment 
(Ferguson  Wood,  1962),  the  degree  of  exposure, 
and  other  physical  factors  (Day,  1964). 

Attempts  to  define  the  term  "estuary”  have  provoker! 
spirited  discussions,  primarily  because  of  the  physi¬ 
ographic  and  hydrodynamic  variability  of  estuarine 
systems.  Some  (e.g.,  Ketchum,  1951)  would  include 
the  entire  s|»ectrum  of  measurably  diluted  sea  waters 
ranging  from  drowned  river  mouths,  sounds,  lagoons, 
straits,  and  broadly  open  embayments,  to  open  coastal 
waters,  or  any  region  in  which  sea  water  is  measur¬ 
ably  diluted  by  land  water  drainage;  while  others 
i  Day,  1951,  1964;  Pritchard.  1960b;  Rochford,  1951  ) 
employ  Pritchard's  (1955)  more  limiting  definition  as 
"a  scmi-enclosed  coastal  body  of  water  having  a  free 
connection  with  the  open  sea  and  within  which  the 
sea  water  is  measurably  diluted  with  fresh  water  run¬ 
off”.  Pritchard’s  definition  excludes  the  zone  of  very 
slightly  diluted  sea  water  along  many  open  coasts 
and  thereby  excludes  many  physical  problems  which 
are  not  found  within  semi-enclosed  coastal  enihav- 
menu.  definition  implies  an  estuarine  circulation 
pattern  resulting  from  vertical  and  horizontal  dis¬ 
tribution  of  density,  a  range  of  reversing  tidal  cur¬ 
rents  and  tidal  amplitudes  and  other  tidal  effects,  and 
(Mrtial  protection  from  winds  and  oceanic  waves  by 
semi -enclosure.  Day  ( 1951 )  omits  reference  to  tidal 
effects  and  so  includes  blind  estuaries,  which  are 
common  in  South  Africa.  Because  of  the  uniqueness 
and  profound  biological  significance  of  physical  con¬ 
ditions  within  partially  enclosed  estuaries,  Pritchard's 
definition  is  adopter!  in  this  pers|xvttve.  Main  em¬ 
phasis  will  be  placed  on  positive  or  true  estuaries  in 
which  freshwater  flow  exceeds  evaporation  (Pritch¬ 
ard  1960a.  b).  Neutral  estuaries,  in  which  neither 
evaporation  nor  freshwater  inflow  dominates  ( t'ar- 
riker.  I%lb)  :  inverse  estuaries  (hypcrsaline  lagoons. 
Day,  1964;  I !edgi>eth,  1957e:  Parker,  1959)  in  which 
eva)N>ration  exceeds  freshwater  inflow ;  and  blind  es¬ 
tuaries  (Day.  1964 )  periodically  blocked  from  the 
sea  are  given  less  attention.  The  word  "tidal"  in  the 
phrase  "tidal  estuary”  is  rrdumlant,  as  tidal  effects, 
albeit  rather  negligible  at  times,  arc  implicit  in  the 
definition  of  a  true  estuary 

As  a  consequence  of  the  great  variety  of  sizes  ami 
forms  of  estuaries,  it  is  difficult  to  provide  a  precise 
classification  of  the  physical  divisions  of  a  generalized 
estuary.  Table  1  is,  however,  a  general  classification 
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Table  1,  Classification  of  approximate  geographic  divisions,  salinity  ranges,  types,  and  distribution  of 
organisms  in  estuaries  (Adapted  from  Day,  1951,  1964;  and  Venice  System,  Symposium  on  the  Classification 
of  Brackish  Waters,  1959). 


Venice  system 


Ecological  classification 


Divisions 

of 

estuary 

Salinity 

ranges 

%. 

Zones 

River 

0.5 

limnetic 

Head 

0.5  -  S 

oligohaline 

Upper  Reaches 

5-18 

mesohaline 

Middle  Reaches 

18  -  25 

polyhaline 

Lower  Reaches 

25-30 

potyhaline 

Mouth 

30-40 

euhaline 

Types  of  organisms  and  approximate  range  of 
distribution  in  estuary,  relative  to  divisions 
and  salinities 


limnetic 


|  oligohaline 
mixohaline 


I 

fttenohaHnc 

marine 


i 

true 

estuarine 

1 


eury  haline 
marine 


migrant* 


with  only  roughly  approximate  divisional  limits,  pat¬ 
terned  after  Day’s  geographic  divisions  in  an  ideal 
estuary  (1951,  1964).  It  includes  most  of  Day’s  eco¬ 
logical  classification,  and  is  based  on  the  Venice  Sys¬ 
tem  of  approximate  ranges  of  salinities  in  coastal 
waters  (Symposium  on  the  Classification  of  Brackish 
Waters,  1959).  Because  of  the  spectrum  of  genotypic 
variation  and  variable  rates  of  speciation,  modem 
estuarine  biotas  fall  into  broad  ecological  categories 
with  diffuse  and  sometimes  overlapping  boundaries, 
as  can  be  seen  in  the  ecological  classification  in  Table 
1.  The  phrase  “oligohaline  organisms"  is  substituted 
for  Day’s  “freshwater  organisms”  at  the  head  of  the 
estuary,  and  "limnetic”  replaces  “freshwater  organ¬ 
isms”  in  rivers.  Day  (1951)  divided  the  basin  of 
the  ideal  estuary  into  four  major  divisions  based  on 
three  common  hiotically  important  physical  charac¬ 
teristics,  namely  salinity,  water  movement,  and  sub¬ 
strate.  In  Table  1  these  have  been  extended  to  five 
divisions  to  accommodate  the  broader  lower  ( fre¬ 
quently  lagoonal)  reach  often  present  in  larger  estu¬ 
aries.  Because  of  the  diversity  of  types  of  estuarine 
basins  and  the  range  of  fluctuations  of  these  factors 
in  them,  these  divi  .ions  are  only  roughly  proportion¬ 
ate  and  are  not  intended  to  have  precise  boundaries. 
Central  regions  of  these  physical  divisions  are  de¬ 
scribed  below  : 

Head  oj  estuary — where  fresh  water  enters  the  es¬ 
tuary  from  streams,  and  salinity  during  high  spring 
tules  may  reach  a  maximum  of  5  Currents  and 
substrate  vary  broadly,  and  are  dependent  on  the 
physiography  of  the  region. 

I’tfer  reaches  of  estuary — muddy  bottoms,  slov 
movement  of  water,  and  salinities  rougblv  in  a  range 
of  5  to  18 

Middle  reaches  of  estuary — sandy  mud  bottoms, 
fairly  fast  movement  of  water,  with  salinities  from 
18  to  25 

Lower  reaches  of  estuary — sandy  mini  to  clean  sand 
or  gravel  bottoms,  fast  movement  of  water,  and  salini¬ 
ties  from  25  to  30  %r. 


Mouth  or  inlet  of  estuary — clean  sand,  gravel,  or 
rock  bottom,  very  rapid  flow  of  water,  with  salinities 
above  30  %€  and  depending  on  the  salinity  of  neritic 
waters  outside. 

Dimensions  of  the  divisions  are  generally  in  pro¬ 
portion  to  the  size  of  the  estuary,  both  in  length  and 
width  (Stroup  and  Lynn,  1963;  Barlow,  1955;  Car¬ 
rier.  1959;  Day,  I9S1 ;  Hedgpeth,  1957e).  The  sides 
of  an  estuary  are  designated  as  “left”  and  “right"  as 
viewed  from  the  head  of  the  estuary  toward  the  inlet 
l  Pritchard,  1951 1. 

The  biotic  categories  in  the  ecological  classification 
of  Table  1  are  further  characterized  as : 

Oligohaline  organisms — The  majority  of  animals 
living  in  rivers  probably  do  not  tolerate  variations  in 
salinity  greater  than  0.1  %e  and  disappear  at  the  head 
of  the  estuary  ;  but  there  are  some  of  these,  the 
oligohaline  species,  which  persist  until  salinities  rise 
to  5  and  a  few  have  been  recorded  as  high  as 
19  Y<. 

True  estuarine  organisms—  A  few  broadly  euryiopic 
s(>ecies  are  restricted  to  estuaries  and  do  not  occur 
in  the  sea  or  in  fresh  water ;  they  are  best  represented 
in  low  salinities  in  the  up|>er  and  middle  reaches  of 
estuaries.  They  have  marine  affinities,  but  have  be¬ 
come  adapted  to  the  greater  range  of  ecological  ampli- 
tuues  found  in  central  regions  of  the  estuary  rather 
than  in  marine  or  fluviatile  environments,  and  are  said 
not  to  be  able  to  com|iete  with  marine  animals  in  the 
sea  nor  to  tolerate  conditions  there.  These  are  the 
true  estuarine  species  whose  distribution,  form,  and 
variation  in  European  estuaries  have  been  reviewed 
by  Kemane  (1958),  Robertson  (1964),  Sehlieper 
(1958),  and  Segerstraale  (1957).  The  term  “true 
estuarine"  is  reserved  for  species  in  this  category, 
to  avoid  confusion  with  the  more  general  term  "estu¬ 
arine"  which  is  used  to  refer  to  all  species  dwelling 
in  or  migrating  into  estuaries  without  regard  to 
geogra|>hical  or  ecological  location  in  the  estuary. 
Hedgpeth  ( 1957e )  suggests  that  true  estuarine  spe¬ 
cie*  are  conservative  forms  with  a  long  history  and 
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may  have  left  the  ocean  in  remote  times,  and  that 
there  seems  to  have  been  no  striking  change  in  the 
stocks  giving  rise  to  them.  Depletion  of  one  such 
stock  seems  to  have  been  followed  Ly  replacement 
from  a  similar  stock. 

Euryhaline  marine  organisms — Some  species  ex¬ 
tend  from  the  sea  into  the  upper  reaches  of  the  estu¬ 
ary,  and  tolerate  reduction  in  salinity  often  as  low 
as  15  %t  and  a  few  even  to  5  The  acclimation 
of  some  of  these  to  low  estuarine  salinities  has  been 
described  by  Schlieper  ( I95S,  1957).  Kuryhaline  ma¬ 
rine  species  constitute  the  majority  of  total  estuarine 
taxa. 

Slenohaline  marine  organisms — These  live  on  open 
seashores  and  at  the  mouths  of  estuaries.  They  do 
not  penetrate  into  estuaries  below  salinities  of  about 
25  %c  in  the  lower  reaches. 

Migrants  —  Certain  euryhaline  marine  migrants 
spend  only  a  part  of  their  lives  in  estuaries.  Some 
depend  to  a  limited  degree  on  the  bottom,  and  many 
are  predators  subsisting  on  resident  estuarine  benthic 
populations  (Gunter,  1961 ;  Hartley’,  1940,  1947;  Wil¬ 
liams,  1955).  These  species,  for  instance  blue  crabs 
(CaUinectes)  and  flatfish  ( Plenronccles),  may  move 
up  the  estuary  through  the  entire  mixohaline  range 
of  salinities  before  returning  to  the  sea. 

Other  classifications  of  estuarine  biota  have  been 
proposed  ( Bousfield.  I955h;  Hedgpeth.  1957e:  Kinne. 
1963a,  1964;  Remane.  1958;  Segerstraale,  1957  >. 
Kinne  classified  crustaceans  into  four  groups  on  the 
basis  of  their  capacity  to  osmoregulate :  oligostcno- 
haline.  euryhaline,  polystenohahnc.  ami  holeuryhahne. 
These  correspond  more  or  less  as  follows,  respec¬ 
tively.  to  the  estuarine  faun.il  groups  given  in  Table 
I :  oligohalme.  true  estuarine-euryhaline  marine,  steno- 
haline  marine,  and  mixohaline.  Remane  (1934)  pre¬ 
sents  a  schematic  diagram  repre  enting  the  compara¬ 
tive  distribution  of  the  limnetic,  true  estuarine,  ami 
euryhaline  marine  s|>ecics  in  the  Hay  of  Kiel 

METHODS  IX  ESTTARIXE  HKNTHIC 
ECOl.OGY 

I  its  kiai  A  r  ran  .Vues 

An  inclusive  study  oi  estuarine  benthic  ecology 
should  involve  comparative  investigations  of  density 
and  distribution  oi  the  benthos;  ecological  life  his¬ 
tories;  species  interactions  ami  intra»|KXies  pojiula- 
turns,  ami  biotic  community  structure.  function.  ori¬ 
gin.  ami  devetupmenl — all  in  relation  to  the  estuarine 
ecosystem  and  to  rrosy  stems  in  adjoining  fresh  water 
and  seas.  Overall  r’npliasi*  should  lie  on  the  inter¬ 
play  among  living  organisms  and  the  total  inter¬ 
related  environment  examined  both  in  the  field  l  Rrd- 
field.  1958)  and  in  the  laboratory  (Simpson.  1963  > 
Maximum  advancement  in  such  studies  can  be  ex¬ 
pected  bv  providing  broadly  trained  biologists  tbe 
opportunity  to  attack  these  problems  in  a  basic  fashion 
with  modem  t««ds.  taking  thnr  studies  to  whatever 
reasonable  experimental  and  descriptive  level  ta  re¬ 
quired.  even  to  molecular  ( Vallcntynr.  1954.  1957 1 


and  ultrastructural  studies  (Hathaway  and  Robertson. 
1961),  to  gain  an  understanding  of  the  function  of 
the  uenthos  at  all  levels  of  organisation.  The  ap¬ 
proach,  then,  bccocnes  essentially  an  interdisciplinary 
one,  using  the  applicable  methodologies  of  the  physi¬ 
cal  and  chemical  sciences,  thus  benefiting  from  part¬ 
nerships  both  of  investigators  and  of  disciplines 
l  Riley,  1964 ) ;  and  of  sufficient  duration  on  a  day- 
and-night  and  year-round  scale  to  gain  meaningful 
results  (Doty.  1957;  Ingle,  1962;  I.ousanoff  «•<  at., 
1955.  Segerstraale.  1960 1. 

Field  and  Labo*atosy  Methods 
Environmental  Factors 

Devdofmtent  oi  instruments  for  recording  a  num¬ 
ber  of  the  aquatic  environmental  factors,  though  not 
yet  perfected,  has  far  surpassed  that  of  biological 
sampling  devices,  and  in  some  cases  a  considerable 
degree  of  electronic  sophistication  has  been  achieved 
(Johnston.  1964),  permitting  continuous  recording 
of  several  factors  simultaneously  m  the  field  and  tele¬ 
metering  the  information  to  the  laboratory.  Weak¬ 
ness  of  these  instruments  are  the  relatively  short  hie 
oi  iqieration  before  failure,  the  incapacity  t»  function 
reliably  and  accurately  in  sea  water  at  thermal  ranges 
as  low  as  —2*  and  their  mechanical  inability  to 
monitor  nncrohahitats  on  ami  in  the  bottom.  A  con¬ 
tinuous  census  of  factors  in  siln  is  now  limited  to  the 
more  obvious  ones  like  temperature,  turbidity,  light 
jienetratiun.  current  velocity,  .salinity,  water  level, 
oxygen.  pH.  and  Eh  Equally  im|u>rtant  ecologically, 
it  not  more  critical,  are  many  of  the  less  obvious  fac¬ 
tors  such  as  the  micronutrients,  external  metabolites, 
and  other  dissolved  substances  l  iiuziati-Travcrso. 
1958;  Rae.  1958).  Instruments  for  continuous  record¬ 
ing  of  these,  not  only  in  ambient  estuarine  water  I  wit 
in  interstitial  fluids  of  sediments,  have  not  yet  a|>- 
|>earcd.  A  useful  manual  t  Strickland  and  i’arsnnx. 
19601  on  standardized  laboratory  seawater  analyses 
is  available. 

The  physical  nature  ol  sediments,  esjiecially  among 
tlie  diversity  oi  types  characteristic  oi  estuaries,  lias 
been  more  difficult  to  analyze  ecologically  i  Draclt. 
1958.  I  amghurst.  I%4;  Moore.  1 9  J  |  a  .  Morgans. 
19V:;  I 'arsons.  J9t»J;  Sanders.  1956.  1958 1  ami  lias 
yet  to  be  done  realistically  Standard  mechanical- 
chemical  analysts  oi  scdtmrntv  for  example  requires 
disruptive  removal  of  samples  (nan  the  field  to  tlw- 
laboratory  and  destroys  the  very  aggregations  wliicfi 
ermstitute  the  mrcrnmv  iron  merit  of  tniaima.  There  is 
serums  need  in  the  near  future,  therefore,  for  a  more 
rapid  less  laborious  method  for  determination  m  the 
laboratory  of  sorb  sedimentary  characteristics  as  in 
organic  particle  site,  porosity,  compactness,  and  or 
game  crwitenl  Kvm’ually  a  kind  af  sediment  mapper 
may  be  Jnekipnl  which  can  he  used  directly  in  the 
field  for  at  least  gross  analysis  of  sediments  witbcwit 
disturbing  l be  substratum  and  its  resident  biota  A 
meant  it  also  necessary  for  measuring  quantitatively 
in  the  labofatorv.  and  ultimately  in  the  field,  the  range 
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of  size  and  nature  of  organic  and  organic-inorganic 
sediment  aggregates. 

The  Benthos 

Fxcisivc  sampling  of  the  bottom  (Petersen,  1913) 
is  still  at  the  heart  of  most  benthic  research,  and  un¬ 
til  the  advent  of  underwater  diving,  represented  an 
indirect  or  "Wind"  approach  (Drach,  1958;  Long- 
hurst,  1964;  Kiedl,  1958).  The  primitive  level  of  de¬ 
velopment  of  modem  sampling  gear  (Drach.  1958) 
and  its  inefficiency  (Birkett,  1958;  Holme,  1964; 
Longhurst,  1964),  is  in  a  sense  a  measure  of  the  slow 
progress  in  this  field  (Riedl,  1958).  Recent  papers 
reviewing  present  benthic  sampling  instruments  and 
methods  express  concern  over  their  inadequacies,  and 
point  out  the  serious  need  of  innovations  (Birkett, 
1958;  Cummins,  1962;  Drach,  1958;  iledgpeth,  1957c; 
Holme,  1964;  T.  Hopkins,  1964;  Longhurst,  1964; 
McIntyre.  1956).  Longhurst  (1964)  urges  that,  be¬ 
fore  better  samplers  are  devised,  more  be  done  on 
assessment  and  standardization  of  current  gear,  re¬ 
lating  kinds  and  density  of  fauna  caught  in  the  gear 
to  those  actually  present  in  the  bottom  ( Ilamard  and 
Jones.  19(4);  Birkett.  1958;  Drach.  1958;  McIntyre. 
1956;  and  R.  Wood,  1963).  Buzzati-Traverso  (1958) 
reemphasizes  the  need  for  quantification.  Special 
problems  are  the  sampling  of  hard  surfaces  (Doty, 
1957;  Drach,  1958;  I’rquegnat.  1964),  Large  scatu  ed 
infauna,  and  sparse  widely  ranging  motile  epifauna 
(Van  Cleave  and  Ting.  1962'.  Unquestionably  the 
most  promising  innovation  in  the  study  of  the  benthos 
has  been  the  adaptation  of  underwater  diving  (  Drach. 
1948.  1958;  Forster.  1953.  1954;  Gislen.  1930;  Haas. 
1948;  Morgans.  1959;  Pequegnat,  191  4,  Turner  el  at., 
1965;  R.  Wood.  1963).  Excessively  turbid  conditions 
in  many  estua-ies.  however,  somewhat  reduce  its  po¬ 
tential  value  there.  Underwater  photography  and  un¬ 
derwater  television  (  Barnes.  1958.  1963;  Owen.  1951 ; 
V revets.  1953)  are  coming  into  common  um-  in  clear 
waters,  but  turbidity  limits  their  use  in  estuaries. 
Ilamcs  (  1963 )  reports  that  placement  of  a  cone  of 
fresh  water  held  in  a  rigid  container  in  inert  of  the 
lens  overcomes  the  difficulty  to  some  extent. 

In  the  pursuit  of  quantitative  estuarine  benthic 
studies  we  are  still  left  with  so.*  unsatisfied  critical 
needs  ill  C-Jlevlors  to  excise  quantitative  units  of 
bottom  of  comparable  volume  and  depth  fur  all  tv  jew 
of  sediment,  in  a  range  of  sizes  and  types  geared  to 
the  gradient  of  morphological  site,  fragility .  and  den¬ 
sity  of  organisms,  and  including  large,  more  sparsely 
distributed  animals  living  steeply  m  the  sediment ;  it 
is  evident  that  simultaneous  sampling  of  alt  groups 
with  the  same  site  and  type  of  gear  is  impractical 
(  MacFadsen.  1962).  and  that  the  required  numbs i 
of  samples  depends  on  the  demands  of  the  mrestiga 
tor  for  precision  and  the  inherent  variability  of  thr 
population  bring  sampled  <  D.  W.  Maine  perianal 
communication » .  (2i  reliable  metered  trawl  like  col 
lectors  which  will  operate  in  the  confining  areas  of 
smaller  estuaries,  for  ceew-.sirg  accurate! v  Urge,  more 
widely  ranging  epifauna;  (3'  quantitative  method! 


for  sampling  hard  surfaces  which  will  supplement,  or, 
in  difficult  habitats,  substitute  for  SCUBA  divers; 
(4)  quantitative  laboratory  methods  for  extraction, 
without  disrupting,  the  meiobenthos  and  small  mega- 
benthos  from  sediments  (Anderson,  1959;  Hedgpeth, 
1957c;  Jonasson,  1955;  Longhurst,  1964  ;  MacFadyen, 
1962;  Rcish,  1959);  current  methods  are  tin»e  con¬ 
suming,  inexact,  and  destructive  especially  to  soft- 
bodied  forms ;  f  5 )  a  universal  standard  for  pore  sizes 
of  screens  for  sieving  and  sorting  benthic  organisms 
of  various  sizes — though  some  workers  prefer  to  eni- 
ploy  pore  sizes  which  most  efficiently  segregate  organ¬ 
isms  irom  the  range  of  sizes  of  sedimentary  grains 
present  in  the  samples  without  reference  to  a  univer¬ 
sal  standard;  and  (6)  standards  which  will  provide 
accurate  data  on  density  and  distribution  for  repre¬ 
sentative  volume  and  number  of  samples  per  unit  area 
of  bottom,  for  various  sizes  of  organisms,  and  accept¬ 
able  factors  for  extrapolation  of  densities  thus  ob¬ 
tained  to  the  common  denominator  of  square  and 
cubic  meter  (  Longhurst.  1964  ). 

These  requirements  direct  attention  to  the  need  lor 
uniform  sampling  and  processing  methods  which  will, 
in  !um,  permit  universal  comparison  of  resulting  data 
(Longhurst.  1964;  Sanders.  1956;  Thorson.  1957, 
1958).  It  should  be  stressed,  however,  that  standard¬ 
ization  should  not  be  so  inflexible  as  to  prevent  use 
of  variations  in  investigating  different  basic  ques¬ 
tions.  The  troublesome  problems  of  sampling  design 
and  of  treatment  of  census  data  persist  ( Bernard  and 
Jones.  I960;  Glover.  1961;  Longhurst.  1964;  Mac¬ 
Fadyen.  1962;  Thorson,  1957.  1958;  Wiliams  and 
Lambert,  1960  > ;  they  appear  to  have  no  simple  so¬ 
lutions.  and  they  should  be  reevaluated  in  a  sound 
btostatistical  framework  before  application  in  future 
estuarine  benthic  work.  Whether  units  of  biomass  or 
numbers  of  individuals  is  the  more  meaningful  wav 
ol  handling  biotic  data  likewise  is  still  debated  I  Buz- 
zati  Travcrso,  1958;  Longhurst.  1964;  McNulty  el  al.. 
1962;  Sanders.  1958.  I960),  and  until  the  concept  of 
biomass  is  better  defined,  it  may  he  expedient  to  use 
both  units  in  estuarine  benth  c  studies. 

It  is  not  difficult  to  see  that  current  exosive  am 
|4ing  of  bottom  sediments  is  grasdy  inefficient  and 
inadequate.  1 1  ope  fully  more  ecologically  realistic 
methods  will  be  devised  which  will  permit  study  of 
the  benthos  im  r»r»  with  minimum  disturbance.  Con 
tmucait  benthic  sampling  m  one  area  by  prearat  meth¬ 
ods.  especially  with  Urge,  frequently  cof  levied  um 
pies,  soon  alters  caUstriqdncally  the  resident  (watt 
and  its  environment,  making  results  dubious  at  best. 

Analysis,  integration,  and  interpretation  of  the  di- 
versity  and  magnitude  of  v  aria  hies  accumulated  in 
modem  hrnthic  popwUlKasal  and  community  investi¬ 
gations  ran  seldom  he  done  accurately  by  inspection 
alone  Recent  application  of  electronic  computer  tech 
toques  m  storing,  retrieval,  and  aiulvxi*  of  data  on 
oCifiore  bottom  communities  i  Parker.  1964a.  b .  Mac¬ 
Fadyen.  19b2:  Williams  and  l-amfaert.  I960)  -leimui 
•4 rates  the  usefulm-s*  of  thr  method  for  estuar  nr  bm 
line  rranmuutty  studies,  provided  it  i»  employed  pn- 
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mirily  to  facilitate  manipulation  of  the  data ;  but  final 
analysis  and  interpretation  is  still  a  function  of  the 
investigator. 

Muons  or  Estlabiks 

i-argr-scale  model  estuaries  have  been  used  lor 
many  years  to  facilitate  analysis  of  hydrographic  phe¬ 
nomena  and  solution  of  problems  relating  to  |ioltution 
and  to  securing  and  maintaining  navigational  facili¬ 
ties  in  tidal  waterways  < Barnes  cl  <d„  1957 ;  Pritch¬ 
ard,  1954;  Simmons,  I960).  The  Delaware  River  and 
Bay  irtodd,  for  example,  is  constructed  of  concrete 
on  a  horizontal  scale  of  1 : 1,000  and  a  vertical  scale 
of  1:100  (Pritchard,  1954).  Considerable  accuracy 
has  been  attained  in  the  quantitative  reproduction  of 
amplitudes  and  phases  of  the  tides,  mean  cross-sec¬ 
tional  velocities  of  tidal  currents,  density,  and  fresh¬ 
water  forces  which  affect  the  dispersion.  dilution,  and 
Hushing  of  wastes. 

These  prototypes  provide  the  estuarine  rcidogist 
with  a  ready-made  estuarine  mode:  for  controlled 
ecological  research  on  a  large  scale  (  Rae.  195tt: 
Ingle.  196?  i.  Models  should  be  located  in  coastal 
areas  sheltered  frevn  sUrms.  and  in  close  proximity 
to  clean  high-salinity  sea  water  and  clean  fresh  water 
(preferably  from  springs).  With  the  use  of  auto¬ 
matic  continuously  monitoring  electronic  instruments 
and  appropriate  feedhocks.  a  number  o:  the  promi¬ 
nent  environmental  factors  could  be  effectively  con¬ 
trolled  in  such  a  model.  Technically  easy  analyses  of 
a  side  variety  of  substances  by  means  of  spectropho- 
torarfric  techniques  should  facilitate  periodic  monitor¬ 
ing  of  salts  and  organic  substances  in  the  resulting 
gradient  of  estuarine  water.  Non- toxic  substances 
would  have  to  be  eliminated  from  all  parts  of  the 
mode.'  The  pr«4o»y|ie  would  permit  carefully  con¬ 
trolled  experiments  on  a  large  scale  tor  testing  the 
relative  importance  of  physical  are!  cher-iu  .d  environ- 
mental  factors  «  Rae  19>Ri.  ami  the  experimental  use 
of  an  iiKfexutig  number  of  species  i  Kae’s  marine 
equivalent'  «><  ;h-  "laboratory  guinea  p<g"  i  to  ex- 
jibirr  softie  i*l  “Hr  untested  In |«n'lw-*cs  extant  on  estu¬ 
arine  henthsc  ecology.  Many  trxa  of  estuarine  imrr 
tebrates  and  \nicrTutar  iwal  organisms  are  now  hemg 
cultured  timber  c<tln*N  labxrators  cuaiitHim  it/ost- 
h»w  ami  HoKakhoot.  19%«.  1959  1961;  kinne  :9f4 
lax-saiosff  af«l  i  >-x  t»  I'tJ.  I'rnta»i|i  !*58  1'rmasoii 
and  Pimner.  1  **5.4  Rax.  I9xg ,  Wainc.  |95R|  and 
ouM  be  |>inbcnl  rn  large  numhrrx  ior  such  inxrsli- 
gatmns. 

There  i»  also  a  nee>I  hir  small  ia  bora  lory  n  nWTs  of 
ilrsigm  and  sizes  scaled  to  the  parltrtjiar  rrquifrmeniy 
of  ‘probe  laboratory  ofcwrt  va’sons  and  expmmersta- 
l»«s  These  mold  hr  erected  m  special  risen,  (like 
"bsotrons"  >  in  marine  laboratories  serv  near  deiaS 
higbwahntty  sea  water,  and  pmnk  independent  con¬ 
trol  s  !  v.rrfi  xarnblrs  as  terser  a  tvi  re  ulej-ii  P»1 
iaipn  current  s*4r*»tx  torbwience  tidal  drifts,  and 
iigbt  The  rrrnmrrrial  availabditx  csf  iransparvrt. 
ta**U  cut.  drdled.  and  cemented  non-toxic  plastic 
sheets  rods  and  ttdwng.  at  writ  as  an  assortment  o4 
mm  toxic  pumps  and  uiirs.  make  the  Citmlrurfsoo 


of  such  models  a  reasonable  possibility.  The  ckccI- 
lent  Mimoa.v  of  sea  ■  x  ater  systems  for  experimental 
aquaria  by  (  lark  and  Clark  i  19(4  i  is  an  admirable 
source  of  ideas  and  plans.  Experimentation  with 
organic  substances  will  require  working  with  artili 
rial  sea  water,  now  asailaldr  commercially.  To  avoid 
accumulation  »  concentrations  of  metabolites  and 
iiiicroorgantsnis.  which  mr'ilably  result  xxlteii  inirials 
are  held  in  closed  sy  'ctiis — usually  with  unpredictable 
consequences — it  is  necessary  that  running  ( rather 
than  closed)  water  systems  he  employed.  Small 
models  make  this  practical.  Laboratory  models  are 
especially  useful  in  tlie  study  of  ihe  behavior  and 
ecological  tolerances  of  pelagic,  settling,  and  juvenile 
benthic  invertebrates  (  Haskm.  H  A). 

KOI  H  OF  SVSTHMATICS  IN  KSTl.’ARINF 
BENTHIC  ECOLOGY 

The  uniqueness  of  ecology  is  its  emphasis  on  living 
organistm  in  relation  to  each  other  and  to  the  physical 
environment,  and  their  responses  and  adaptations  to 
the  environmental  labyrinth.  It  fellows,  thertfore. 
that  rigorous  identification  and  classification  of  these 
biotic  units  if  fundamental  to  ecological  research 
Thus  ecologists  should  have  some  facility  in  the  use 
of  taxonomic  keys  ann  manuals  and  familiarity  with 
nomenclature  ami  classification  Hedgpeth  ( 1 953 ) , 
in  (art.  would  go  as  far  as  to  suggest  that  the  first 
procedure  in  ecological  research  is  exercise  in  sys- 
tcnutics — and  it  is  not  hard  to  agree  with  him.  Be¬ 
cause  of  the  significance  of  the  coo.-cp?  of  the  niclv 
in  cculogy  as  a  hasic  functional  unit  of  the  biotic 
community  (Hutchinson,  1953).  it  <s  imperative  that 
organisms  be  properly  identified  to  species,  ami  tn 
some  cases  to  subspecies  ami  race  i  Buzzati-Traveiso. 
1*58:  l  doxer.  1961:  Kinne.  19M;  Kolin.  1958:  Kuhn 
ami  Orians,  19tx? .  laaisanoff,  |9.\H;  I  jxxsanoff  and 
Numejku.  1951 ;  Prosser  1955 1.  With  research  in 
ecology  expanding  rapidly  on  a  worldwide  has'% 
tlierc  is  serious  question  xx  Hrtlvcr  the  present  limited 
nuniliei  of  taxutueitists  will  be  in  a  position  to  help 
ecologists  except  with  tlie  most  difficult  systematic 
problem.,,  ami  the  hunter,  >1  the  nomenclalural  as 
peels  of  ecology  will  fall  increasingly  on  tlie  ecologist 
Not  only  for  these  important  reasons.  I  vat  more  ur 
gently  Iwvaiise  lltere  is  so  much  xtl  to  tic  done  in 
haste  ,x slertlatics  as  a  whole  >  Hlarkwcklcr.  I'lfiJ 
!*M>.  i  here  xi  intKji  need  ior  mote  voung  btolo 
g'sts  1"  enter  systematica  pruir*xionatly  (  llarnard. 
1962.  Barnard  ami  Jones.  ’*)«!.  Huzzati  Tfair-so. 
1*5*:  Hedgpeth  1953  !*»d :  Rrxjbrld  1958 1  The 
ht*e  of  advance  in  UxunnmK  knowledge  it  hebl  by  a 
nrrilmtsly  thin  litre  of  srxrvtahjtt  ‘  Rcdfield.  1*5*1 
There  ,t  a!*o  aft  impressive  necessity  for  a  centra! 
repository.  nrrirfaWv  in  s  national  or  intrmaii.ma! 
imliliitinR  whose  has*-  is  oCmulio  where  rrialixHi 
oyiyMr  carehiifx  classified  and  indexed  collect  tons 
iri  tdretibed  organisms  will  hr  atailaMr  to  rolnpsti 
ior  study  and  comparison  with  their  specimens .  where 
car  rent  sefntihr  names  of  organisms  am!  their  t< 
•wmymies  wilt  hr  accessible  m  a  computerized  system 
which  wdl  lie  kept  up  In  date  and  will  prrm-f  rapol 
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retrieval  of  generic  and  s|iccific  names ;  and  where 
a  complete  library  on  the  systcnntics  of  the  world  will 
be  housed  and  its  c of, tents  indexed  by  cotn|>uterized 
means  for  rapid  use.  A  major  liottleneck  in  syste¬ 
matic*  and  ecological  research  is  the  scattered  litera¬ 
ture  on  groups  of  most  organisms,  and  the  present 
stupendousness  of  the  task  of  bringing  together  a 
catalog  of  major  taxa,  especially  of  invertebrates 

Adults  of  species  of  megascopic  estuarine  benthic 
invcrteb'Ates  are  relatively  well  known  systematically , 
except  in  littk-iwpcdated  geographical  areas,  but  not 
much  has  been  done  to  study  them  comparatively  on 
a  broad  scale  in  estuaries  of  the  world.  This  study 
could  be  extended  with  profit,  in  time,  to  investiga¬ 
tions  based  on  laboratory-reared  organisms  and  held 
analyses  of  comparative  morphological,  physiological, 
and  behavioral  variations  within  and  among  popula¬ 
tions  of  representative  species  and  suhspc.ies  f  Kinne. 
1964 ;  S'hlieper,  1958). 

Karly  stages  in  the  life  history  of  e.tuarme  benthic 
invertebrates  are  generally  less  well  known  than  the 
adult,  and  thus  provide  an  unusually  fertile  held  for 
systematic  researches.  Investigations  would  be  en¬ 
hanced  by  inclusion  of  as  many  representative  stages 
in  ontogenies  as  feasible.  In  most  rases  this  would 
require  raising  these  (>opulations  in  the  laboratory, 
because  working  backwards,  step  by  step  in  the  held, 
from  identified  juveniles  to  larval  stages  is  not  always 
a  reliable  method  of  idcnlifving  earlv  stages  (Car¬ 
rier.  1961b). 

I-east  known,  systematically,  in  estuaries  are  the 
micro.,  meio,  and  small  inegabenthos.  and  these 
groups  therefore  pose  insurmountable  taxonomic  har¬ 
riers  to  most  ecologists.  For  some  of  these  taxa  there 
arc  no  living  systematic  specialists,  and  all  the  benthic 
ecologist  can  iki  is  to  as*. go  arbitrary  codes  to  poten- 
aal  s|>eeics  until  such  time  as  they  have  been  inves¬ 
tigated  systematically.  This  problem  is  especially 
thwarting  now  that  benth'c  ecologists  recognize  more 
clearly  (lie  profound  rc<it«tgical  significance  oi  the 
smaller  benthic  organisms  <  Saitdc-r.*  1956;  \V;e$er. 
1*4*10 » 

Lastly  (here  is  a  cun  .ucuoys  lac):  i*t  checklists 
illustratrd  keys,  handbooks,  aia***,  ami  monographs 
for  iStuartne  organism*  of  the  work!.  The  sericxa- 
:iess  of  this  »o»d  try  ecologists  is  apparent 

Although  wime  isi  the  recent  hwcbetitural  <  lltimli- 
Traserm  and  K-chmtxrf  l  *>54  Fox.  K.rk 

ft  ai  ,  19541.  cytwkigicai  t  Porch.  i'htfl;  Staiger. 
195-1  i.  ai,.!  numerical  c  Mtchener.  ;  Kogrrt. 

|9M  i  approaches  may  enhance  the  s-sstematic*  of 
estuarine  benthic  organisms,  there  is  so  much  to  hr 
done  first  at  fundamental  moeysiirhlof ;<at  ami  bsoge 
ograpbic  level*  tha'  »hesr  other  ap)>ti*«bct  on  a  targe 
scale  might  tetter  be  delayed  for  a  time 

FSTIWRINK  KNVIRONJIKNTAI  FACTORS 
AMI  HKXTIIIC  uRC.ANISMS 

l.oui-pe 

it  t»  recognited  that  the  total  number  of  coastal 
marine  invertebrate  species,  esper tails  epdayaiaJL  in¬ 
crease*  markedly  from  higher  latitudes  to  the  trojesrs 


(Day,  1964;  Fischer,  1961;  Hunter,  1964;  Nicol, 
1955;  Panikkar,  1950;  Parker,  19o4a,  b;  Thorson, 
1957) ;  and  that  of  these,  species  with  pelagic  larvae 
increase  from  a  few  to  al-out  85  priccnt  from  the 
poles  to  tlie  tropic*  i  Thorson.  1961 1 .  How  much, 
if  any,  of  the  global  biotic  gradient  is  effected  by 
geographic  jxisitiim  alone  relative  to  the  poles  re- 
mains  to  lie  investigated.  Whether  latitudinal  jiosi- 
tion.  |«r  se.  of  an  organism  on  the  globe,  exclusive 
of  the  effects  of  teni|>erature.  rlay  length,  and  bio- 
topic  instability  (Fischer,  1961 ;  Brongersma-Sar.ders, 
1957).  can  be  considered  an  ecological  factor  i*  un¬ 
certain . 

Most  latitudinal  studies  have  compared  amoral  ac¬ 
tivity  with  particular  reference  to  temperature,  and 
show  that  within  a  species,  rates  of  metabolism  in 
marine  poikilotherms  are  about  the  same  in  indi¬ 
viduals  from  northern  and  southern  seas  at  their  own 
native  temperatures;  and  that  at  any  given  tempera¬ 
ture  metabolic  activity  is  greater  in  individuals  from 
colder  waters  (  Bullock,  1955;  Dehnel,  1955  ;  Thorson, 
1950). 

Fixduston  of  all  environmental  effects,  if  passible, 
will  be  necessary  to  determine  whether  a  specific  lati¬ 
tudinal  influence  exists  Perhaps  true  estuarine  spe¬ 
cies  with  their  broad  eurytopic  proclivities  and  ex¬ 
tensive  latitudinal  ranges  may  offer  good  experimental 
subjects.  In  a  provocative  study  of  growth  as  a 
function  of  latitude  in  populations  of  shallow-water 
euhalinc  gastropods  o*  the  same  species  separated 
latstuditully  by  approximately  1900  miles,  Dehnel 
( 1955 )  hek!  temperature  ami  other  obvious  factors 
constant.  He  corrcltxled  that  rates  of  growth  of  en- 
cairuilatcd  embryo*  ansi  iarsae  from  nortliem 
lalions  were  two  to  nine  times  greate.  than  for 
southern  (  ijmlatKxis  at  t  g,  .en  com;wrable  tempera¬ 
ture.  Nothing  was  said  about  a  oosrible  ecolofical- 
Dtitudinal  effect,  per  se ;  be  *jwulatrd  that  better 
quality  of  sclfc  and  gTowth  pr<m>; Hers  in  the  northern 
water  nay  base  explained  the  difference. 
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SlreaiH  water  function*  as  a  vehirir  foe  potential 
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l»»5  i ;  (5?  eiay*.  sot*,  and  and*  *  Menard.  1954M,  b; 


v 


448 


ESTU  ABIES  :  ECOLOGY 

Nelson,  1959,  1962);  (4)  organic  colloids  and  clay- 
organic  complexes  (Bader,  1962,  Carriti  and  Good- 
gal,  1954);  (5)  detritus  (Fox,  1957;  Hjulstrdni, 
1955;  Nevin,  1946;  Parsons,  1963);  (6)  debris; 
(7)  microscopic  and  larger  drift  organisms  (Dendy, 
1944) ;  and  (8)  heat  in  summer  in  non-tropic  latitudes 
(Nelson,  1947).  The  degree  of  survival  of  freshwater 
organisms  as  they  drift  into  increasingly  saline  waters 
is  poorly  known. 

Despite  the  purity  of  rainwater,  its  pH  may  range 
from  3.0  to  7.2,  its  Eh  from  300  to  800  mv,  and 
soluble  constituents  of  S04=,  Cl-,  HC03~,  N03-, 
Na+,  Ca++,  and  NH4  +  may  often  exceed  one  milli- 
equivalent  per  liter.  Water  originating  in  rivers  and 
lakes  has  a  pH  range  of  4.8  to  9.5  and  Eh  of  —100 
to  600  mv,  in  peat  bogs  a  pH  of  2.8  to  8.0  and  Eh 
below  500  mv,  in  limestone  caves  a  pH  of  5.9  to  9.0 
and  Eh  of  100  to  455  mv,  and  in  mineral  soils  a  pH 
of  2.8  to  over  10  and  Eh  of  —350  to  750  mv  (Baas 
Becking  et  al.,  1957,  1960).  Thus  at  one  physi¬ 
ographic  extreme  a  sandy  pine  barrens  with  its  acid 
bogs  and  swamps  drains  an  acid  water  low  in  min¬ 
erals  and  high  in  stains  (Carriker,  1961b).  At  an¬ 
other,  a  limey  densely  vegetated  upland  contributes 
clear  alkaline  water  (Brust  and  Newcombe,  1940; 
Day,  1964).  At  still  a  third,  a  grossly  deforested  de¬ 
generating  terrain  loses  excessive  quantities  of  sedi¬ 
ment  which  become  deposited  primarily  in  the  head 
of  the  estuary  (Emery  and  Stevenson,  1957b),  ac¬ 
celerated  by  electrolytic  flocculation  (Day,  1951; 
Kochford,  1951),  suffocating  fixed  benthic  organisms, 
reducing  photosynthetic  activity,  and  rapidly  filling 
the  basin  (Day,  1951,  1964;  Hunter,  1912;  New¬ 
combe,  1952;  Shepard,  1953).  Man,  at  an  advancing 
rate  commensurate  with  the  explosive  growth  of  the 
human  population,  pipes  domestic  and  industrial  pol¬ 
lution  into  estuaries  (Pearson,  1960a)  ;  releases  aerial 
pollutants  which  wash  into  them ;  and  ditches,  dredges, 
and  fills  them  (Allen,  1964;  Bourn  and  Cottani,  1950; 
Thomas,  1956).  A  *rue  estuary  can  exist  only  in 
climates  with  some  rainfall,  and  inverse  estuaries 
result  in  dry  regions  (Hedgpeth,  1957e). 

The  characteristics  and  movements  of  factors  con¬ 
tributed  by  watersheds  to  estuaries  have  been  inade¬ 
quately  studied  and  offer  many  profitable  avenues  lor 
investigation.  A  few  of  these  arc  suggested  in  the 
loilowinr  outline. 

1.  Examine  the  origin,  nature,  and  temporal  dis¬ 
tribution  of  dissolved  (Collier,  1953),  and  colloidal 
organic  materials  such  as  biocolloids  and  IcptopcI 
(Fox,  1957)  originating  in  watersheds  of  various 
substrate  and  vegetation, al  types :  correlate  the  kind, 
quantity,  and  temporal  and  spatial  distribution  of 
these  organic  fractions  with  the  seasonal  decay 
cycles  of  vegetation  in  forested  and  swampy  water¬ 
shed  areas,  contrasting  freezing  and  warm  t  ndi- 
tions ;  and  investigate  the  potential  of  these  frac¬ 
tious  as  nutrients  and  as  stimulants  fen  spawning 
and  setting  of  estuarine  benthic  invertebrates.  These 
organic  substances  assume  increased  significance 
now  that  it  has  been  indicated  that  invertebrates 
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remove  organic  compounds  from  solution  (Erdman 
el  al.,  1956;  Stevens,  1963)  and  fix  carbon  dioxide 
(Hammen,  1964)  ;  dissolved  organic  matter  can  be 
formed  into  particulate  food  (Bernal,  1961;  Riley, 
1963;  Sutcliffe  et  al.,  1963)  which  can  be  utilized 
bv  certain  invertebrates  (Baylor  and  Sutcliffe, 
1963 ;  MacGinitie,  1945). 

2.  Determine  the  source  pathways  and  rates  of 
movement  under  varying  seasonal  conditions  of 
selected  inorganic  molecules  and  clays  from  given 
sites  in  the  watershed  into  the  estuary  ( Carritt  and 
Goodgal,  1954;  Carritt  and  Harley,  1957;  Hevesy, 
1956  ;  Nelson,  1962)  by  means  of  radioactive  tracers 
(Mauchline  and  Templeton,  1964;  Pearson,  1960b). 

3.  Study  the  possible  role  of  free  metabolites  de¬ 
rived  from  the  watershed  as  ectocrines  in  estuarine 
benthic  communities  (Lucas,  1961).  Loosanoff  el 
al.  (1951),  for  example,  in  laboratory  culture  of  bi¬ 
valve  larvae  in  water  taken  during  the  winter  and 
spring  from  the  Milford  Estuary  obtained  incon¬ 
sistencies  in  growth  possibly  attributable  to  un¬ 
known  trace  substances  in  this  water  (Ito  and  Imai, 
1955 ;  Provasoli  et  al.,  1959). 

4.  Consider  the  role  of  naturally  occurring  clays 
and  silts  in  adsorption  and  transport  of  naturally 
occurring  organic  substances  from  the  watershed 
into  the  estuary  (Carritt  and  Goodgal,  1954;  Bader, 
1962;  Nelson,  1962),  and  the  use  of  these  com¬ 
plexes  by  benthic  filter  and  deposit  feeders  (Mac¬ 
Ginitie,  1945). 

5.  Examine  the  capacity  of  estuarine  benthic  or¬ 
ganisms  to  withstand  the  range  of  concentration  of 
suspended  sediments  usually  encountered  i.i  estu¬ 
aries.  Inter-  and  intraspecific  variations  in  toler¬ 
ance  and  adaptations  to  these  are  relatively  un¬ 
known  (Carriker.  1963;  Day,  1951,  1964;  Loosa¬ 
noff  and  Davis,  1963;  Yonge,  1953). 

Estuarine  Basin,  Inlet,  and  Offshore  Area 

Sea  water  (Hood,  1963;  Lyman  and  Fleming, 
1940;  Sverdrup  cl  al.,  1942;  ZoBell,  1963)  transports 
a  rich  admixture  of  dissolved  gases,  minerals,  organic 
molecules  (Hood,  1963;  Parsons,  1963),  clays,  silts, 
sands  ( Van  Straaten  and  Kuenen,  1958),  organic 
aggregates,  debris,  and  microscopic  and  macroscopic 
organisms  (including  predators)  into  estuaries.  Al¬ 
though  generally  freer  of  organic  fractions  and  sus¬ 
pended  sediments  than  fresh  drainage  water,  sea 
water  carries  a  heavier  load  of  dissolved  minerals  and 
organisms ;  r.s  a  consequence  of  its  conservative  ther¬ 
mal  properties  (Sverdrup  cl  al.,  19 42),  it  provides 
a  buffer  against  extreme  fluctuations  of  temperature 
(Clarke,  1954).  Denser  than  fresh  water,  sea  water 
moves  into  partially  and  completely  stratified  estuaries 
as  a  more  or  less  distinct  wedge  along  the  bottom. 
In  these  circumstances  its  impact  on  benthos,  espe¬ 
cially  in  the  lower  reaches  of  these  estuaries,  is  more 
immediately  significant  than  that  of  the  overlying 
fresh  water  whose  mixing  bottonnvard  is  delayed  to 
the  degree  that  the  estuary  is  stratified  vertically  along 
its  course  (Bowden,  1964;  Pritchard,  1960a).  Ex- 
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ploration  of  the  nature,  seasonal  distribution,  and  role 
of  organic  fractions  of  marine  origin  as  nutrients, 
growth  materials,  and  behavior-stimulating  substances 
for  the  benthos  (Lucas,  1961 ;  Provasoli  et  al.,  1959), 
and  the  extent  to  which  live  marine  plankters  are 
killed  on  contact  with  less  saline  estuarine  water  and 
added  to  the  load  of  dead  benthic  otganic  matter, 
provides  a  basis  for  an  extended  series  of  important 
investigations.  The  biological  implications  of  chemi¬ 
cal  and  biological  interactions  occurring  in  the  estu¬ 
ary  between  organic  and  inorganic  substances  derived 
from  the  watershed  and  the  ocean,  especially  in  view 
of  the  fact  that  dissolved  organic  matter  may  be  ag¬ 
gregated  (Riley,  1963),  are  worth  investigating,  and 
may  lend  credence  to  the  suggestion  (Bernal,  1961) 
that  polymerization  of  organic  substances  leading  to 
the  origin  of  life  may  have  taken  place  primarily  on 
estuarine  muds. 

In  addition  to  the  physical  variability  provided  by 
volume  and  swiftness  of  liovv  of  fresh  water  and  rate 
of  terrigenous  erosion  relative  to  the  shape  and  ca¬ 
pacity  of  the  principal  basin,  the  diversity  of  estuaries 
is  further  augmented  by  the  shape  and  minimal  cross- 
sectional  area  of  the  inlet  (Bruun  and  Gerritsen, 
1958;  Day,  1951),  tidal  amplitude  and  type  of  tides 
(Marnier,  1926;  Rossiter,  1963),  height  of  shores, 
stability  of  bottoms  and  shore  lines,  longshore  circu¬ 
lation,  and  degree  of  exposure  to  the  ocean  (Kuenen, 
1950).  In  the  Mediterranean,  where  the  sea  is  rela¬ 
tively  ca!m  and  tidal  range  is  negligible,  estuaries 
gradually  broaden  towards  their  mouths,  and  deltas 
are  common.  In  England,  where  tidal  action  is  con¬ 
siderable  and  wave  action  moderate,  many  estuaries 
broaden  and  tidal  mudbanks  appear,  but  main  chan¬ 
nels  are  kept  open  by  the  outflow  of  the  river  assisted 
by  tidal  currents.  In  South  Africa,  where  wave  ac¬ 
tion  is  usually  extreme  and  tidal  range  seldom  more 
than  five  feet,  a  sand  bar  is  rapidly  built  up  at  the 
mouth  and  behind  this  the  estuary  spreads  out  as  a 
wide  shallow  lagoon  (Day,  1951).  Estuaries  are 
characteristically  muddy  coastal  regions,  exaggerat¬ 
edly  so  on  coastal  plains  (Day,  1951,  1564;  Emery 
and  Stevenson,  1957b)  which  are  typical  of  the  east¬ 
ern  coast  and  Culf  Coast  of  the  United  States.  The 
estuarine  basin  constitutes  a  reservoir  for  concentra¬ 
te  n  of  sediment  from  both  land  and  ocean  (Van 
Straaten  and  Kuenen,  1958).  Volume  of  water  in 
the  estuary,  which  is  related  to  capacity  of  the  basin, 
tidal  amplitude,  and  volume  of  freshwater  inflow,  in¬ 
fluences  the  size  and  depth  of  the  inlet  and  other 
channels  on  sedimentary  coasts.  Unconsolidated  sedi¬ 
ments  of  barrier  bars  of  bar-built  estuaries  are  readily 
shifted  by  severe  storms  (Hite,  1924;  Raymont,  1949), 
and  inlets  may  be  temporarily  closed  in  the  case 
of  estuaries  with  minimal  freshwater  inflows  (Day, 
1964),  or  shifted  .along  the  harrier  beach  in  those 
receiving  more  fresh  water  (Carriker,  1959;  Shepard, 
1952).  This  is  in  contrast  to  rocky  shores  which 
support  relatively  stable  inlets.  Oceanic  shorelines  of 
ioose  sediment  are  likewise  readily  worn  by  wave 
action  and  contribute  suspended  sediment  which  is 
transported  into  neighboring  estuaries  on  flooding 
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tides  (Emery  and  Stevenson,  1957b).  High  shores 
afford  protection  from  wind  and  thus  from  wave  ac¬ 
tion,  and  contribute  to  quiet  estuarine  habitats.  Ex¬ 
tremely  high  fjord  shores  may  provide  considerable 
shade  to  the  disadvantage  of  photosynthesizing  or¬ 
ganisms. 

Prevailing  loneshore  coastal  currents  are  important 
not  only  in  transporting  coastally  eroded  suspended 
sediments,  organic  detritus,  and  debris  (Zeigler, 
1964),  but  probably  also  pelagic  larvae  of  benthos 
(Bousfield,  1955b;  Thorson,  196!)  over  long  dis¬ 
tances  from  one  estuary  to  the  next.  During  the  ebb¬ 
ing  tide  the  mass  of  water  in  lower  reaches  of  the 
estuary  flows  out  of  the  inlet,  carrying  plankters  with 
it  (Ayers,  1956;  Barlow,  1955;  Carriker,  1959, 
1961b),  and  portions  of  this  water  fail  to  return  to 
the  same  estuary,  being  transferred  along  the  shore 
eventually  to  enter  a  neighboring  estuary  on  a  subse¬ 
quent  flood  tide.  In  this  manner  it  is  likely  there  is 
substantial  mixing  among  estuaries  along  many  coasts 
of  benthic  biota  equipped  with  dispersal  stages.  In¬ 
formation  on  this  interesting  biogeographic  problem 
could  result  from  tracing  the  movement  of  large  num¬ 
bers  of  laboratory-reared  pelagic  larvae  of  benthic 
invertebrates  (Loosanoff  and  Davis,  1963)  tagged 
with  radioisotopes  (Mauchline  and  Templeton,  1964), 
in  a  manner  analogous  to  that  being  used  to  measure 
the  transport  of  sediments  with  radioactive  and  flu¬ 
orescent  tracers  (Zeigler,  1964). 

In  time,  the  estuary  is  shortened  spatially  by  sedi¬ 
mentary  deposition  at  the  head  and  by  wave  erosion 
at  the  mouth,  and  filled  by  sediments.  Rate  and  de¬ 
gree  of  fill  corresponds  principally  with  the  rate  of 
erosion  of  the  watershed  and  inlet  areas  and  ampli¬ 
tude  of  eustatic  movements  of  the  coastline  (Emery 
and  Stevenson,  1957a;  Kuenen,  1950:  Russell,  1957). 
Estuarine  benthos  are  generally  unaffected  by  im¬ 
perceptible  geological  coastal  movements  induced  by 
fluctuations  of  the  shore  relative  to  mean  sea  level. 
Furthermore,  motile  infauna  and  epifauna  accommo¬ 
date  rapidly  to  gradual  short-range  vertical  physi¬ 
ographic  alterations  imposed  by  removal  or  deposition 
of  sediments  (Carriker,  1961b).  But  the  capacity  and 
behavior  of  less  motile  estuarine  benthos  in  adjust¬ 
ment  to  relatively  rapid  fluctuations  of  the  bottom 
level  are  little  known.  Fixed  epifauna,  like  oysters 
and  barnacles,  perish  when  covered  by  sediment,  ad¬ 
justment  occurring  only  indirectly  through  later  re- 
population  of  the  area  from  elsewhere. 

Estuarine  Circulation 

Estuaries  range  from  vertically  more  or  less  strati¬ 
fied  two-layered  systems  with  opposing  net  (residual) 
non-tidal  flows  (drifts)  of  sea  and  fresh  water  to 
more  or  less  well-mixed  vertically  homogeneous  sys¬ 
tems  with  unidirectional  seaward  flow.  They  grade 
from  the  idealized  condition  of  the  former  to  the  homo¬ 
geneous  extreme  of  the  latter  as  river  flow  decreases, 
tidal  current  velocities  increase,  width  increases,  and 
depth  decreases  (Bousfield,  1955a;  Pritchard,  1955). 
No  theoretical  model  yet  takes  into  consideration  the 
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possible  effects  of  imperfect  mixing  of  the  fresh  and 
sea  water  (Rossiter,  1963).  Tidal  currents  shift  the 
density  stratification  pattern  up  and  down  the  estuary 
and  contribute  to  vertical  mixing.  Winds  may  impose 
further  mixing  patterns  (Bowden,  1964),  especially 
in  shallow  estuaries  (Barlow,  1956;  Roelofs  and 
Bumpus,  1954).  Comparatively  little  mixing  occurs 
between  the  fresh  and  salt  layers  of  stratified  systems 
(Pritchard,  1960a),  so  that  dissolved  and  inert  buoy¬ 
ant  particulate  substances  entering  in  the  salt  wedge 
probably  move  very  slowly  up  the  estuary  over  the 
benthos  in  the  landward  drift,  mix  upward  slowly 
across  the  level  of  no  net  motion  and  the  halocline 
(Nelson  and  Perkins,  1931)  into  the  surface  fresh¬ 
water  stratum,  and  are  transported  fairly  rapidly  sea¬ 
ward  in  the  surface  drift.  Thus  substances  entering 
in  land  drainage  may  never  come  directly  in  contact 
with  estuarine  benthos.  In  homogeneous  estuaries 
distribution  is  uniform  from  surface  to  bottom,  and 
the  benthos  probably  are  affected  directly  by  the 
products  of  both  watershed  runoff  and  sea  water. 
Although  no  statistics  are  available  on  this  point, 
probably  the  majority  of  open  estuaries  of  the  world 
are  of  the  partially  mixed  types.  Pelagic  larvae  of 
benthic  parents  in  stratified  estuaries  tend  to  be 
blocked  from  swimming  into  the  freshwater  stratum 
by  the  chemical  ceiling  imposed  by  the  halocline 
(Nelson  and  Perkins,  1931;  Bousfield,  1955a.  b),  a 
little-understood  behavioral  mechanism  which  appears 
to  provide  protection  from  osmotic  stress. 

Although  duration  of  the  complete  tidal  cycle  in  an 
estuary  is  the  same  as  that  in  the  ocean,  duration  of 
ebb  is  greater  than  that  of  flood  tide,  and  time  of  low 
and  high  tide  at  the  head  of  an  estuary  is  later  than 
that  at  the  mouth.  In  estuaries  with  relatively  small 
inlets  the  volume  of  water  entering  during  flooding 
spring  tides  does  not  lea.’e  before  the  next  flood  tide, 
and  consequently  neap  tides  expose  more  of  estuarine 
bottoms  than  spring  tides.  The  effect  of  these  phe¬ 
nomena  on  the  benthos  is  unknown. 

A  major  biological  significance  of  the  net  circula¬ 
tion  pattern  in  partially  to  completely  stratified  estu¬ 
aries  is  the  vehicle  it  provides  for  potential  retention 
of  pelagic  larvae,  and  for  mixing  and  concentrating 
inorganic  and  organic  nutrients  and  other  biotically 
important  substances.  Tidal  currents  and  estuarine 
drifts  also  aid  in  mingling  and  dispersing  gametes, 
spores,  larvae,  and  minute  older  stages ;  in  removal 
of  metabolic  products  from,  and  bringing  food  and 
oxygen  to,  fixed  benthos ;  and  in  flushing  from  the 
sediment  metabolic  products  of  benthic  microbiologi¬ 
cal  activity  (Ferguson  Wood,  1962).  It  is  significant 
that  current  velocity  is  reduced  to  negligible  rates 
immediately  above  many  bottoms,  because  of  resist¬ 
ance,  and  is  difficult  to  measure  accurately  there  with 
available  current  meters.  Estuarine  currents,  further¬ 
more,  may  aid  predators  in  locating  prey  by  means  of 
chemical  clues  (Blake,  1960;  Carriker,  1955a,  1957), 
in  distributing  benthos  floated  off  the  substratum  and 
intertidal  invertebrates  crawling  under  the  surface 
film  of  water  on  the  incoming  tide  (Carriker,  1957 ; 


Nelson,  3928),  and  in  guiding  rheotactically  oriented 
mobile  benthic  organisms.  The  consequences  of  stag¬ 
nation  in  the  absence  of  estuarine  circulation  are  seen 
in  the  bottom  stratum  of  deep  estuaries  with  sills 
(Gaarder  and  Sparck,  1933)  and  in  periodically 
blocked,  relatively  shallow  estuaries  (Day,  1964). 

One  of  the  most  obvious  differences  between  an 
estuary  and  the  open  sea,  and  greatly  modified  by 
the  width  of  the  inlet,  is  the  decrease  in  strength  of 
wave  action  brought  about  by  terrestrial  semi-en¬ 
closure  (Day,  1951,  1959,  1964).  The  impact  of  this 
on  sediments  and  distribution  of  estuarine  biota  will 
be  discussed  later. 

Estuarine  Salinity  and  Temperature 

Because  of  the  relative  ease  of  measurement  of 
these  factors,  their  vertical  and  horizontal  distribution 
in  estuaries  is  well  known  (Bassindale,  1943b;  Bous¬ 
field,  1955a;  Carriker,  1951b,  1959,  1961b;  Day,  1951, 
1964;  Gunter,  1961;  Hopkins,  1957;  Kinne,  1964; 
Milne,  1938;  Pearcy,  1962;  Rochford,  1951;  Seger- 
straale,  1957;  Stroup  and  Lynn,  1963;  Wells,  1961). 
Superimposed  upon  the  broad  salinity  gradient  from 
mouth  to  head  is  a  series  of  salinity  oscillations  of 
varying  duration  and  amplitude  at  any  point  along 
the  estuary  (Yonge,  1949a)  corresponding  with  daily 
and  lunar  tidal  cycles,  seasons,  rainfall,  and  melting 
snow  and  ice.  Land  drainage  during  periods  of  heavy- 
precipitation  forces  salt  water  down  the  estuary,  and 
spring  tides  move  high-salinity  water  farther  up  the 
estuary  than  do  neap  tides.  Although  salinity  is  gen¬ 
erally  credited  with  setting  the  upper  limit  of  pene¬ 
tration  of  estuarine  species  ( Fischer- Piette,  1931),  it 
is  a  complex  interaction  of  many  factors,  any  one  or 
combination  of  which,  exclusive  of  osmoregulatory 
problems  (Prosser,  1955),  could  act  as  sources  of 
this  barrier.  For  the  majority  of  benthic  estuarine 
species  the  minimum  survival  salinity  imposes  a  re¬ 
straint  which  oscillates  up  and  down  the  estuary  with 
changes  in  freshwater  inflow  (Bousfield,  3955b;  Car¬ 
riker,  1955a;  Gunter,  1961;  Hopkins,  1957,  1962; 
Milne,  1940a;  Segerstraale,  1957;  Wells.  1961).  At 
summer  temperatures  in  temperate  latitudes  mortality 
rates  of  some  molluscs  increase  as  salinities  fall,  but 
this  rate  is  reduced  at  lower  temperatures  so  that  in 
winter  they  may  withstand  low  salinities  for  pro¬ 
tracted  periods  (Amemiya,  1928;  Carriker,  1955a). 
In  the  case  of  certain  transient  shrimp  and  crabs  sur¬ 
vival  at  low  salinities  is  greater  at  higher  tempera¬ 
tures  (Kinne,  1964;  Fearse  and  Gunter,  1957).  Kinne 
(1964)  reviews  the  effect  of  low  limiting  salinities 
on  reproduction  in  estuarine  invertebrates.  Benthos 
which  can  retreat  into  burrows  or  exclude  exchange 
of  water  by  closure  of  exoskeletal  parts  aie  thought 
to  be  more  resistant  to  low  salinities  than  exposed 
“naked”  species  (Kinne,  1964;  Moore,  1958).  Thus 
the  concentration,  magnitude,  and  rate  of  change  of 
salinity,  and  duration  of  exposure  to  these,  are  all 
ecologically  significant  (Bassindale,  1943b,  Day,  1951 ; 
Smith,  1959),  Furthermore,  as  dilution  of  estuarine 
water  varies  with  fluctuations  of  freshwater  inflow, 


-fr 


«Y>  yt  ft.  v'Jlt;',, 


ECOLOGY  OF  ESTUARINE  BENTHIC  INVERTEBRATES 


451 


the  proportion  of  salts  in  estuarine  waters,  generally 
slightly  different  from  that  of  sea  water  to  begin  with 
(Carpenter,  1957;  Kinne,  1964;  Pearse  and  Gunter, 
1957),  and  a  function  of  the  mineral  composition  of 
the  hinterland  (Day,  1951),  may  oscillate  still  further. 
On  the  whole  there  is  a  higher  ratio  of  carbonate  and 
sulfate  to  chloride  and  of  calcium  to  sodium  in  estu¬ 
arine  waters  than  in  sea  water  (Emery  and  Steven¬ 
son.  1957a;  ZoBell,  1963).  The  effect  of  these  ionic 
fluctuations  on  the  behavior  and  distribution  of  es¬ 
tuarine  l>enthos  has  not  l>een  reported  in  any  detail 
(Kinne,  1964;  Segerstraale,  1964).  Day  (1951)  notes 
that  the  concentration  of  salt  in  sea  water  may  be 
higher  than  essential  so  marine  animals  will  tolerate 
passively  a  limited  and  slow  reduction  of  salts,  re¬ 
maining  isotonic  throughout  the  change ;  possibly  the 
same  is  true  of  changing  proportions  of  minerals. 

In  vertically  well-mixed  estuaries  the  higher  por¬ 
tions  of  the  intertidal  zone  will  be  inundated  only  by 
the  high  salinity  of  high  tide,  and  in  the  lower  por¬ 
tions  greater  salinity  fluctuations  may  occur  as  fresher 
water  from  the  upper  estuary  flows  seaward  each 
ebb  tide,  whereas  in  stratified  estuaries  the  intertidal 
zone  may  be  subject  to  extremes  of  dilution.  These 
variations  undoubtedly  influence  the  intertidal  dis¬ 
tribution  of  benthos  (Day,  1951). 

Thermal  oscillations  accompany  those  of  salinity 
in  estuaries,  though  not  necessarily  correlated  with 
them,  and  result  from  the  seasonal  warming  and  cool¬ 
ing  of  the  land  and  similar,  more  conservative,  cycli¬ 
cal  thermal  changes  in  surface  oceanic  waters.  Thus 
temperature  conditions  at  the  mouth  are  more  stable 
than  those  higher  up  the  estuary  (Day,  1951).  Within 
normal  limits  of  subtidal  distribution  in  a  given  estu¬ 
ary,  heat  is  not  normally  lethal  to  benthos  because  of 
their  relative  independence  of  temperature  (Bousfield, 
1955b;  Bullock,  1955;  Kinne,  1963b;  Prosser  and 
Brown,  1961).  As  the  density  of  the  water  varies 
with  temperature,  thermal  differences  in  the  two¬ 
layered  estuarine  circulation  system  can  enhance  its 
stratification  and  rate  of  residual  circulation.  This  oc¬ 
curs  in  the  late  spring  and  early  summer  in  temperate 
latitudes,  when  freshwater  runoff  is  warmer  and 
lighter  than  the  colder,  heavier  sea  water  irrespective 
of  salinity  differences :  the  converse  obtains  in  the  fall. 
No  one  has  attempted  to  relate  these  phenomena  to 
the  fact  that  most  spawning  of  benthos  occurs  in  the 
late  spring  and  early  summer  in  temperate  and  boreal 
regions.  The  migration  of  animals,  including  preda¬ 
tors  of  estuarine  benthos,  in  and  out  of  estuaries  in 
relation  to  temj>erature  is  not  completely  understood 
(Day,  1951),  though  migrations  of  invertebrates  and 
fishes  into  warmer  water  in  winter  have  been  reported 
(Kinne,  1963b). 

Drost-Hansen  (1956;  Oppenheimer  and  Drost- 
Hansen,  1960)  has  suggested  that  a  number  of  more 
or  less  abrupt  changes  in  the  properties  of  water  and 
aqueous  solutions  occur  when  the  temperature  is  in¬ 
creased  from  0*  to  60*  C„  these  changes  or  “kinks" 
occurring  at  approximately  15,  30,  45,  and  60*  C. 
The  kinks  are  believed  to  lie  caused  by  structural 


changes  in  water,  and  it  is  postulated  that  these 
changes  influence  the  behavior  and  activity  of  biologi¬ 
cal  s>  stems.  Thus  optimal  conditions  for  growth 
occur  somewhere  near  the  middle  of  the  interval  be¬ 
tween  two  consecutive  kinks,  or  approximately  at 
7-8,  22-23,  and  37-38*  C.  where  the  liquid  is  struc¬ 
turally  most  stable  to  thermal  changes  and  conse¬ 
quently  where  the  most  stable  conditions  for  biologi¬ 
cal  activity  are  present.  This  further  suggested  to 
Oppenheimer  and  Drost-Hansen  ( 1960 )  the  possibil¬ 
ity  that  an  organism  may  have  more  than  one  optimal 
temperature  in  nature,  that  this  may  account  for 
increase  in  activity  at  certain  periods  of  the  annual 
cycle  corresponding  to  the  predicted  optimal  tem¬ 
perature,  and  that  microorganisms  which  are  opti¬ 
mally  active  in  arctic  environments  may  also  be  active 
in  tropica!  environments  at  temperatures  between  the 
kinks.  The  implications  of  these  aspects  of  molecular 
and  quantum  biology  (P.  Person,  personal  communi¬ 
cation)  are  worth  examining  in  terms  of  ciliary,  lo- 
comotory,  growth,  spawning,  predatory,  feeding,  and 
other  activities  of  estuarine  benthos  with  reference 
to  the  seasons,  location  along  the  estuarine  gradient, 
and  in  estuaries  located  along  the  latitudinal  range. 
For  example,  is  it  possible  that  there  is  a  null  point 
in  the  vicinity  of  15*  C.  at  which  minimal  activity  in 
terms  of  spawning,  feeding,  and  locomotion  may  be 
expected  on  a  seasonal  and  latitudinal  scale  ? 

In  upper  latitudes  benthic  intertidal  organisms  may 
freeze  and  ice  may  scour  and  gouge  them  away 
(Bousfield,  1955b;  Madsen,  1936).  Kanwisher’s  pi¬ 
oneer  studies  on  the  effect  of  freezing  on  intertidal 
organisms  (1955,  1957,  1959)  should  stimulate  fur¬ 
ther  work  along  these  productive  lines.  Amplification 
of  this  approach  with  reference  to  the  estuarine  sa¬ 
linity  gradient  and  the  capacity  of  organisms  physi¬ 
ologically  to  adjust  or  regulate  (Prosser,  1955)  also 
bears  consideration.  Also  worth  pursuing  are  similar 
investigations  in  the  estuary  on  the  effect  of  heat  in 
warmer  seasons  and  regions  of  the  globe.  Little  has 
been  done  on  the  seasonal  vertical  migrations  of 
motile  benthos  within  sediments  and  the  correlation 
of  this  with  temperature  (Carriker,  1955b).  It  is  not 
surprising  that  year-round  studies  of  estuarine  ben¬ 
thos  in  higher  latitudes  have  received  much  less  at¬ 
tention  than  summer  investigations;  reports  on  long- 
range  studies  which  have  appeared  (Sanders,  1960: 
Thorson,  1946a,  b)  attest  the  substantial  productive¬ 
ness  of  the  over-winter  approach. 

Heat  distribution  in  sediments  can  be  determined 
readily  by  means  of  thermal  probes.  Changes  in  the 
sediment  reflect  those  of  the  overlying  water,  but  the 
rate  is  more  conservative  and  is  dependent  on  the 
thermal  buffering  capacity  of  the  sediment  (Johnson. 
1965;  Linke,  1939;  MacGinitie,  1935).  Because  of 
the  cooling  effect  of  evaporation,  an  exposed  bottom 
is  cooler  than  a  submerged  one  at  a  similar  constant 
air  and  water  temperature. 

Distribution  of  interstitial  salinity  is  considerably 
more  difficult  to  study  and  consequently  is  less  well 
understood  (Alexander  et  al.,  1932:  Emery  and  Ste- 
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venson,  1957a,  b;  Jansson,  1962;  Johnston,  1964 ; 
Nelson,  1962;  Smith,  1956).  Jansson  (1962)  and 
Cox  (1963)  strongly  recommend  study  of  the  salts 
of  interstitial  estuarine  water  by  means  of  electrical 
conductivity,  which  is  directly  proportional  to  total 
salinity,  though  the  ionic  composition  may  vary  from 
that  of  sea  water  of  the  same  salinity.  Jansson  ( 1962) 
has  demonstrated  in  the  laboratory  that  certain  oli- 
guchaetes  will  choose  a  preferred  interstitial  salinity 
over  another. 

Kinne  ( 1963b)  emphasizes  the  combined  ecological 
and  physiological  importance  of  temperature  and  sa¬ 
linity,  and  thus  the  need  to  consider  the  effects  of 
these  factors  jointly.  Temperature  can  modify  the 
effects  of  salinity  and  change  the  salinity  range  of 
an  organism,  and  salinity  can  correspondingly  modify 
the  effects  of  temperature. 

Hydroclimagraphs  (Hedgpeth,  1951)  may  present 
a  useful  means  of  comparing  salinity-ten:  >erature 
conditions  in  varying  estuarine  sediments.  Stauber’s 
(1943)  haligraph,  which  combines  a  map  and  graph 
on  which  are  plotted  the  geographic  points  at  which 
salinities  are  determined,  the  value  of  these  salinities, 
and  the  total  range  of  salinity  as  it  varies  with  tide 
and  depth  of  water,  might  lie  a  useful  way  of  record¬ 
ing  the  salinity  dynamics  of  estuarine  sediments. 

Although  no  one  appears  to  have  suggested  the 
possibility,  it  is  reasonable  to  sup|iose  that  warm 
cooling  water  from  atomic  energy  plants  along  estu¬ 
aries  could  be  released  at  the  surface  and  in  the 
vicinity  of  sewage  outfalls  in  order  to  accelerate  the 
flushing  of  this  pollution  out  to  sea  in  the  surface 
drift. 

Light  Energy  in  Estuaries 

Intensity  of  penetration  of  solar  energy  in  water  is 
reduced  by  absorption  and  scattering,  while  stains 
and  suspended  particles  further  attenuate  its  intensity 
and  modify  the  degree  of  penetration  of  each  part  of 
the  spectrum  (Clarke,  1954;  Clarke  and  James, 
1939;  Clarke  and  Oster,  1934;  Cooper  and  Milne. 
1938).  Because  of  the  seasonal  discharge  of  muddy 
streams  and  rivers,  variations  in  plankton  blooms, 
and  seasonal  changes  of  light  intensity,  the  quantity 
of  Tolar  energy  reaching  the  benthos  is  highly  vari¬ 
able.  Suspended  matter  absorbs  the  blue  and  green 
wave  lengths  of  light,  and,  because  of  the  lower  sa¬ 
linity,  less  of  the  infrared  and  visible  red  is  absorbed 
by  dissolved  salts  (Cooper  and  Milne,  1938  V  The 
predominantly  turbid  nature  of  most  estuarine  waters 
makes  their  bottoms  considerably  more  shaded  than 
those  of  clear  sea  water.  These  conditions  directly 
affect  photosynthetic  microorganisms  dwelling  on  or 
near  the  surface  of  the  sediments.  The  marked  con¬ 
trast  in  primary  productivity  between  subtida!  bot¬ 
toms  and  intertidal  flats  has  been  investigated  hv 
Sanders  (1958,  I960)  and  Sanders  el  al.  (1962V 
Little  information  is  available  on  penetration  of  light 
into  different  types  of  estuarine  sediments;  depth  at 
which  photosynthesis  ceases  is  unknown,  though  pho- 
tosynthetic  cells  may  be  found  as  deep  as  12  cm  and 


can  migrate  vertically  at  least  a  centimeter  in  the 
mud  with  rise  and  fall  of  the  tide  ( Ferguson  Wood. 
1962).  Motile  benthos  are  generally  negatively  photo¬ 
tactic  to  strong  illumination  (Carriker,  1957),  and 
thus  may  benefit  from  the  shaded  estuarine  conditions, 
coming  out  into  more  exposed  areas  in  daylight  dur¬ 
ing  periods  of  heavy  turbidity.  Conversely,  infaunal 
invertebrates  with  light-sensitive  organs  at  the  sedi¬ 
ment-water  interface  (Light,  1930)  may  be  at  a  dis¬ 
advantage  in  the  dimmer  estuarine  environment  when 
relying  on  shadows  cast  by  passing  predators  to  es¬ 
cape  by  withdrawal.  This  interesting  possibility  has 
not  been  investigated.  A  number  of  investigators  sug¬ 
gest  that  light  plays  an  important  role  in  the  behavior 
and  distribution  of  pelagic  larvae  of  benthic  organ¬ 
isms  (Carriker,  1961b;  Haskin,  1964;  Nelson,  1916: 
Nelson,  1926;  Thorson,  1957).  Except  for  Haskin’s 
significant  discovery  that  in  the  laboratory  oyster  lar¬ 
vae  do  not  respond  to  changing  salinities  except  un¬ 
der  light  passing  through  a  yellow-grain  filter  .vith 
maximum  transmission  at  575  ji,  little  is  recorded  on 
the  specific  effects  of  light  and  which  frequencies  of 
the  spectrum  are  effective.  Much  lias  been  written 
on  photoperiodicity,  but  little  is  recorded  on  the  effect 
of  light  periods  (exclusive  of  temperature  effects) 
on,  for  example,  gonadal  development  and  hiliemation 
in  estuarine  benthos  at  different  latitudes.  Finally. 
Friedrich  (1961)  summarized  information  that  sug¬ 
gests  that  penetration  of  marine  organisms  into  estu¬ 
arine  waters  depends  not  only  on  temperature  and 
oxygen  content  of  the  water,  but  also  on  light,  pene¬ 
tration  being  facilitated  by  the  absence  of  light.  This 
bears  further  study  in  terms  of  a  possible  higher  rate 
of  penetration  of  marine  predators  into  estuaries  dur¬ 
ing  periods  of  high  estuarine  turbidity. 

Suspended  Sediments  and 
Sedimentation  in  Estuaries 

The  characteristically  turbid  nature  of  estuarine 
waters  is  a  product  of  the  interplay  of :  ( I )  the  par¬ 
ticulate  matter  fiom  the  watershed,  off-inlet  shores 
and  bottoms,  reworking  and  scouring  of  estuarine 
bottoms  by  tidal  currents  and  waves,  loosening  of 
bottom  sediments  by  burrowing  animals,  and  decom¬ 
position  of  pelagic  and  benthic  estuarine  organisms: 
(2)  the  net  two-layered  opposing  estuarine  circula¬ 
tion  |>attem ;  (3)  the  mixing  of  fresh  and  sea  water 
and  consequent  flocculation  of  finer  particles ;  ami 
(4)  the  presence  of  relatively  quiet  sedimentation 
areas  provided  by  semi-enclosures  and  widening  of 
the  estuarine  basin.  The  original  bulk  of  sediment  in 
most  estuaries  is  derived  from  the  watershed,  in  some 
from  the  sea.  and  in  some  probably  from  both;  it 
is  this  which  makes  determination  of  origin  difficult. 
In  all  estuaries  the  quantity  of  sediment  is  generally 
greater  than  f!.  *  accumulating  on  the  watershed  ami 
off-inlet  areas  f  Basstndale.  1943a;  Burt.  1955;  Cooper 
and  Milne.  1938;  Emery  and  Stevenson.  1957a.  b; 
(iuilcher.  1958;  Kucnen,  1950;  Salomon.  1962). 

Suspended  estuarine  sediments  consist  of  particles 
and  aggregations  of  particles  flatting  in  a  complex 
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solution,  and,  though  having  affinities  with  terrige¬ 
nous  and  marine  sediments,  they  retain  their  own 
unique  character  and  complexity  (Nelson,  1962).  In 
o|«en  surface  waters  the  organic  component  of  sus- 
I (ended  sediments  consists  of  zooplankton  3  percent 
or  more,  phytoplankton  seasonally  up  to  50-60  per¬ 
cent,  and  organic  detritus  up  to  90  jiercent  (Hayes, 
1964).  Similar  data  are  not  available  for  estuaries. 
The  original  structure  and  texture  of  terrestrial  soils 
are  broken  up  and  the  conqionents  transported  into 
the  estuary  by  forces  of  water  flow.  Sediments  may 
there  be  transformed  by  ion  exchange  reactions,  re- 
crvstallization,  assumption  of  new  bulk  properties, 
and  changes  in  associated  microbiota.  Drifts  and 
tidal  currents  distribute  the  gradient  of  particle  sizes, 
and  tidal  currents  and  wave  action  locally  redistribute 
and  rework  these  |>articles  and  sort  them  into  well- 
differentiated,  more  or  less  homogeneous  sediment 
tyfies  (Inman,  1949;  Sanders,  1958).  It  is  thus  that 
tiie  textural  variations  typical  of  estuarine  substrates, 
of  such  significance  to  benthic  ecology,  are  formed 
( Nelson.  1962). 

Coarsest  ((articles  drop  out  at.  and  immediately 
beyond,  the  mouths  of  streams  and  in  the  vicinity  of 
inlets.  The  pro|>ortion  of  sand  decreases  from  the 
head  and  inlet  toward  the  up|ier  region  of  the  estuary, 
finer  sands  settling  out  roughly  as  water  motion  de¬ 
creases  I  Day.  1951;  Inman,  1949).  In  strong  chan¬ 
nel  currents  abrasive  forces  of  waterborne  sands 
may  be  sufficiently  harsh  to  remove  even  oyster  larvae 
which  may  have  settled  there  on  ex|>osed  rock  sur¬ 
faces  (Shelboume,  1957).  larger  silt  ((articles  also 
probably  sink  directly  from  suspension ;  successively 
finer  (articles  accumulate  in  the  deeper,  quieter  areas 
and  toward  the  high  water  line  in  areas  where  wave 
turbulence  and  current  velocity  are  minimal,  leading 
to  the  formation  of  flats,  tidal  marshes,  and  mangrove 
swamps  (Day,  1951;  Emery  and  Stevenson,  1957b: 
(iuilcher,  1958:  Kuenen,  1950:  Kurz  and  Wagner, 
1957 ;  Kochford,  1951 ). 

The  problem  of  de(>osition  of  colloidal  (articles  in 
estuaries  is  complicated  and  not  entirely  resolved 
I  Kuenen,  1950:  Sverdrup  cl  a!.,  1942).  According 
to  Kochford  (  1951 ).  electrolytic  flocculation  of  col¬ 
loidal  clay-silt  fractions  takes  place  at  a  fairly  low 
ch'orinity  figure,  ami  the  rate  o.  sedimentation  is 
balanced  lietween  gravity  and  vertical  turbulence  de- 
velojied  by  water  movement.  Thus  maximum  drposi- 
turn  occurs  in  quiet  sheltered  areas  where  water  is 
nearly  motionless.  Coarser  materials  larger  than  15  p 
may  not  lie  flocculated  ami  will  settle  approximately 
at  the  computed  velocity ;  but  finer  flocculated  ma¬ 
terials  settle  with  a  velocity  equivalent  to  that  of 
quartz  spheres  between  5  ami  15  p  in  diameter,  or 
I  to  20  m  (irr  day  t  Sverdrup  cl  al..  1942).  Coloring 
nutter  from  decomposition  of  vegetable  nutter  in  the 
waterslied  is  a  positive-charged  colloid  and  is  de- 
liosiled  in  the  presence  of  colloidal  silt  w  hich  is  nega¬ 
tively  charged :  but  it  is  not  coagulated  by  metallic 
ions  of  sea  water.  In  some  South  African  estuaries 
the  brown  color  persists  even  in  salinities  of  30  %, 


(Day,  1951).  Flocculated  particles,  organic  and  in¬ 
organic  and  mixtures  of  these,  caught  in  vertical  tur¬ 
bulence,  will  be  held  in  suspension  for  a  long  time  or 
until  transported  out  into  neritic  waters,  where  they 
are  dis|»ersed  and  sedimented  as  turbulence  decreases. 
Some  may  lie  returned  to  the  estuary  later  in  the 
bottom  drift.  Nelson  f  1959)  reported  that  freshwater 
streams  discharge  into  estuaries  both  dispersed  sedi¬ 
mentary  particles  and  floccular  aggregates  originat¬ 
ing  in  weathering  horizons  of  the  watershed.  The 
dispersed  particles  are  carried  in  relatively  permanent 
suspension,  while  floccular  aggregates  are  transported 
by  saltation  and  temporary  suspension,  later  settling 
in  quieter  areas.  Concentration  of  dispersed  sus¬ 
pended  sediment  in  low  salinities  at  the  head  of  the 
estuary  exceeds  that  in  the  freshwater  discharge.  He 
attributed  this  increase  to  deflocculation  of  floccular 
aKf«regates  in  the  lowest  salinity  zone.  Concentration 
of  disfiersed  suspended  sediment  decreases  down  the 
estuary  as  a  result  of  progressive  dilution  of  fresh 
water  by  neritic  water,  and  not  significantly  by  floc- 
C'tlrtion  and  subsequent  settling  out. 

It  appears,  then,  that  what  fractions  do  settle  out 
are  dejiosited  mainly  in  quiet  areas  relatively  free  of 
waves  where  the  water  is  at  rest  for  a  sufficient 
length  of  time  at  each  turn  of  the  tide  for  settling  to 
take  place  ( Hantzschel.  1955:  Nelson,  1959;  Koch¬ 
ford.  1951);  field  observations  confirm  this.  It  is 
probable  that  more  sedimentation  occurs  during  the 
ebb  than  during  the  flood,  as  current  velocities  are 
lower  and  duration  of  flow  is  greater  during  the  ebb : 
and  more  during  neap  than  spring  tides,  because  of 
lower  tidal  amplitudes  and  correspondingly  lower 
current  velocities  during  neap  tides. 

The  literature  stresses  the  role  of  physical  and 
chemical  factors  in  sedimentation  of  colloids  and 
larger  particles,  but  it  is  the  writer’s  untested  obser¬ 
vation  that  biotic  activity  may  be  more  important  in 
this  regard  than  has  been  suggested  to  date  (Kuenen. 
1950).  Estuarine  bottoms  are  paved  by  a  wide  vari¬ 
ety  of  in-  and  epifaunal  filter  feeders  ( Barker  Jorgen¬ 
sen,  1955,  1962;  Marshall,  I960),  a  number  of  which 
arc  well  known  as  sediment  consolidators  (Lund. 
1957;  Maas  (kesteranus,  1942:  Verwey,  1952).  Fur¬ 
thermore.  the  epidermis  of  external  soft  parts  in  the 
mantle  cavity  and  other  gill  chambers  of  many  in¬ 
vertebrates  consists  of  mats  of  mucous  and  ciliated 
cells  that  function  in  trapping  and  removing  the 
settling  particles  (C'arriker,  1963).  The  volume  of 
estuarine  water  from  at  least  the  lower  vertical  stra¬ 
tum  which  is  pumped  through  these  orgmnismic  filter¬ 
ing  devices,  or  moves  over  these  ciliated  cleansing 
surfaces,  must  be  substantial  (Barker  Jorgensen. 
I960)  and  accumulation  of  bottom  sediments  fay  defe¬ 
cation  and  ciliary  concentration  could  account  for  a 
major  percentage  of  the  sedimentation  process.  Ir.  a 
more  passive  way  rooted  estuarine  plants  (tidal  marsh 
vegetation,  mangroves.  Zotiera,  Ruffia,  and  similar 
forms )  accelerate  sedimentation  by  providing  quiet 
zones  for  settlement  <  Ferguson  Wood.  1962). 

Bader  (1962)  demonstrated  experimentally  in  the 
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laboratory  that  naturally  occurring  dissolved  organic 
molecules  are  absorbed  from  aqueous  solution  by 
naturally  occurring  clay  minerals  to  form  clay-organic 
complexes,  controlled  primarily  by  the  crystallographic 
structure  of  the  mineral  and  the  molecular  weight, 
functional  group,  and  structure  of  the  organic  com¬ 
pound.  There  is  a  preferential  order  of  association  of 
both  minerals  and  organic  compounds.  The  clay 
montmorillonite  removed  the  most  organic  molecules 
from  solution,  then  illite,  kaolinite,  and  quartz,  in  that 
order;  alanine  was  most  readily  and  consistently  re¬ 
moved  by  all  the  minerals,  then  sucrose,  fructose, 
succinic  acid,  and  oxalic  acid,  in  this  order.  Ex¬ 
pressed  on  a  relative  scale  based  on  100  for  quantity 
of  soluble  organic  matter  in  the  sea  (average  of  1 
nig/1),  Parsons  (1963)  gave  the  following  propor¬ 
tions  of  total  organic  materials:  soluble  organic  mat¬ 
ter,  100;  particulate  organic  matter  (minimum  size 
1  fi),  10;  phytoplankton,  2;  zooplankton,  0.2;  and  fish, 
0.002  (R.  Wood,  1963).  For  coastal  offshore  waters 
Barker  Jprgensen  (1955,  1962)  reported  concentra¬ 
tions  ranging  from  2  to  5  mg/1;  and  for  coastal 
bodies  of  water  in  the  U.S.S.R.,  Skopintsev  (1959) 
recorded  a  range  of  3  to  13  mg  I.  Negligible  infor¬ 
mation  on  the  concentration  of  dissolved  organic  mat¬ 
ter  in  estuaries  is  available  but  because  of  biological 
activity  there  and  the  amounts  brought  down  in 
stream  water  (Hood.  1963),  it  should  be  higher  than 
in  the  sea  Dissolved  organic  substances  identified  in 
sea  water  are  listed  by  Hood  (1963).  The  potential 
significance  of  sorption  to  clays  in  making  the  sub¬ 
stantial  reserve  of  dissolved  organic  matter  available 
to  benthic  filter  and  deposit  feeders  is  clear  (Fox 
ft  al.,  1952),  and  in  this  sense  it  is  a  favorable  cir¬ 
cumstance  for  estuarine  benthos  that  both  dissolved 
organic  matter  and  suspended  clays  are  especially 
abundant  in  estuaries.  Fox  (1957)  called  these  finely 
l>articulate  fractions  leptopel,  and  found  that  concen¬ 
tration  of  organic  (protein,  lipid,  polysaccharide)  and 
inorganic  ( silicates,  insoluble  carbonates,  phosphates, 
hydrous  oxides )  portions  and  proportions  between 
the  two  classes  were  highly  variable  even  in  temperate 
waters  in  nature  (  Ho<xl,  1963).  Their  disposition 
depends  u|>on  depth,  tenqierature,  light,  relative  den¬ 
sities.  water  movements,  seasons,  ami  proximity  to 
land.  In  surface  neritic  watt  i  >  the  concentration  may 
approach  several  mg  I  and  increase  tenfold  or  more 
immediately  beneath  surface  slicks.  The  amounts  of 
organic  matter  may  rise  by  a  hundred  thousand  times 
their  values  when  adsorbed  to  fine  inorganic  particles 
or  bottom  muds. 

Coarser  to  macroscopic  organic-inorganic  com¬ 
plexes  have  been  known  for  some  time  as  detritus. 
In  suspension  they  occur  mainly  in  the  form  of  loosely 
aggregated,  flaky,  sometimes  frothy  mixtures  of  or¬ 
ganic  molecules,  including  vitamins,  organic  col¬ 
loids.  and  organic  fragments  intermixed  with  various 
pro|Mirtions  of  day.  silt,  fine  sand,  and  living  micro- 
biota  ((’arsons.  1963 ;  Starr.  1956:  Zhukova,  1963: 
Zhukova  and  Fedosov,  1963).  Many  of  these  detrital 
aggregates  have  a  specific  gravity  approaching  that 


of  estuarine  water  and  may  lie  carried  for  a  long  time 
in  suspension  before  they  settle  or  come  close  enough 
to  filter-feeding  organisms  to  lie  taken  in  by  them. 
Once  de|>osited  on  the  bottom,  detritus  adheres  there, 
bound  by  organic  matter  in  various  stages  of  decotn- 
position.  It  is  these  mucoid  binding  materials  that 
give  fine  estuarine  deposits  ( Kuenen,  1950;  Macnae. 
1956)  their  specific  properties  and  are  the  main  cause 
of  the  mixing  of  finer  and  coarser  fractions  in  the 
same  deposit  (exclusive  of  rhythmic  stratification 
imposed  by  fluctuations  in  water  motion).  Only  rela¬ 
tively  strong  water  action  or  activities  of  animals  can 
then  dislodge  the  surface  layers  ( Kuenen,  1950). 
Parsons  (1963)  reviews  a  number  of  recent  methods, 
some  of  which  when  further  developed  may  facilitate 
the  study  of  suspended  detritus.  These  methods  in¬ 
volve  photography,  particle  size  analyzers,  distinction 
of  phytoplankton  and  other  particles  by  means  of  red 
fluorescence  of  chlorophyll,  and  estimating  the  total 
living  portion  of  particulate  matter.  As  detritus  is 
readily  fragmented  when  removed  from  its  natural 
environment,  it  is  best  studied  in  situ;  the  viewing 
devices  of  Nishizawa  ct  al.  ( 1954),  and  the  television 
microscope  (Barnes,  1958)  may  be  helpful.  For  the 
study  of  distribution  and  patchiness  of  suspended 
detritus,  Tonolli’s  (1958)  apparatus  might  be  con¬ 
sidered. 

Guilcher  (1958)  suggested  that  certain  mudbanks 
seem  to  have  reached  a  state  of  equilibrium  in  spite 
of  the  presence  of  suspended  sediment  over  them. 
This  is  of  ecological  significance  to  benthic  com¬ 
munity  stabilization,  and  is  worth  further  study.  Such 
an  investigation  would  be  difficult  inasmuch  as  deter¬ 
mination  of  the  rate  of  accumulation  of  sediment  in 
the  sea  presents  formidable  difficulties  (Kuenen, 
1950). 

Owing  to  the  unconsolidated  nature  of  estuarine 
sediments,  the  subtidal  and  intertidal  banks  of  chan¬ 
nels  (including  those  of  marshes,  but  less  so  through 
mangrove  swamps),  are  continuously  eroded  along 
the  outer  lank  of  a  curve  by  waves  and  currents,  and 
simultaneously  built  up  on  the  opposite  bank ;  mean¬ 
ders  are  cut  off ;  abandoned  channels  are  filled ;  and 
other  physiographic  alterations  are  very  slowly  but 
constantly  occurring  (Kuenen.  1950;  Kagotzkie  cl  al.. 
1959).  Fecal  and  pseudofecal  pellets  formed  by  ben¬ 
thos  (  Moore,  1955 1  and  sedimentary  particles  re¬ 
leased  by  animals  burrowing  for  shelter  or  food  are 
further  adtled  to  the  had  of  sus|iended  materials.  This 
resuspens.on  of  sediment  takes  place  most  actively 
during  the  flood  of  spring  tides.  As  a  consequence 
of  estuarine  tidal  mixing,  sedimentation,  and  rework¬ 
ing  processes,  turbidity  of  the  water  is  higher  at  a 
given  (mint  in  the  estuary  at  low  than  at  high  tide. 
This  is  particularly  evident  in  the  lower  reaches  of 
the  estuary  i  Cooper  and  Milne.  1938  ),  where  water 
is  clearest  and  most  saline  during  high  spring  tides 
(Carriker,  1959). 

Although  it  is  known  that  the  presence  of  signifi¬ 
cant  amounts  of  fine  sus|>endod  (articles  decreases 
|>erceptibly  the  rate  of  fall  of  large  (articles  ( Hjul- 
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strom,  1955),  there  is  ;t  scarcity  of  information  oil 
the  mechanical  effect  of  these  particles  on  i>elagic 
larvae  of  benthic  parents.  Studies  performed  on  estu¬ 
arine  bivalves  suggest  that  their  larvae  display  a  con¬ 
siderable  tolerance  to  suspended  sediments.  Loosanoff 
and  Davis  (1963)  found  that  oyster  larvae  ( Crasso- 
strca  virginica)  may  live  as  long  as  14  days  in  con¬ 
centrations  of  2  g/l  of  silt  and  up  to  4  g/1  of 
either  kaolin  or  Fuller’s  earth  under  laboratory  con¬ 
ditions,  demonstrating  the  ability  of  the  larvae  to 
withstand  the  highly  turbid  conditions  of  its  natural 
estuarine  environment.  Clam  larvae  ( Merccnaria 
mcrcenaria)  apparently  do  not  utilize  detritus  for 
food  and,  as  they  are  capable  of  selective  feeding  and 
controlling  the  volume  of  intake  up  to  a  certain  level 
of  concentration  of  available  food  cells,  sedimentary 
particles  may  be  selectively  eliminated  from  the  diet. 
Loosanoff's  further  observation,  that  growth  of 
straight-hinged  larvae  of  oysters  and  clams  was  often 
considerably  more  rapid  than  that  of  controls  when 
small  quantities  of  sediment  were  introduced  to  the 
cultures,  suggested  to  him  that  these  particle:,  ad¬ 
sorbed  toxic  substances  present  in  the  cultures.  The 
heavy  loads  of  clays  and  silts  which  enter  estuaries 
may  conceivably  adsorb  the  increasing  quantities  of 
toxic  pollutants  flowing  into  these  embayments,  and 
may  account  for  survival  of  these  and  other  similar 
larval  species  of  invertebrates,  who  do  not  ingest 
inert  particles,  in  the  face  of  increasing  pollution. 
The  greater  the  degree  of  selective  elimination  from 
the  diet  of  inert  particles  by  filter-feeding  adult  ben¬ 
thos,  the  greater  the  chance  of  escape  from  these  ad¬ 
sorbed  poisons ;  correspondingly,  non-selective  de¬ 
posit  and  suspension  feeders  would  lie  most  vulnerable 
to  poisoning.  Loosanoff’s  experiments  provide  the 
basis  for  many  more  studies  on  the  role  of  sedimen¬ 
tary  particles  in  the  lives  of  pelagic  larval  stages  of 
estuarine  benthos.  Furthermore,  there  is  much  more 
to  be  known  of  the  capacity  cf  different  larval  species 
to  ingest  and  utilize  the  available  spectrum  of  sus¬ 
pended  organic  particles,  the  concentrating  mecha¬ 
nisms  by  means  of  which  this  is  done,  and  whether 
finest  mineral  particles  may  not  themselves  be  in¬ 
gested  to  satisfy  physiological  mineral  requirements. 

Ksti'axine  Bottom  Sediments 

These  differ  importantly  from  terrestrial  soils  as 
a  result  of  physical  alteration  and  redistribution  and 
chemical  adjustments  in  the  estuary :  they  are  unique 
assemblages  of  matter  retaining  their  own  character 
and  complexity  (Nelson,  1962).  They  constitute  a 
massive  ecological  complex  of  factors  of  significance 
to  benthic  organisms:  as  Longhurst  (1964)  points 
out,  the  nature  of  sediments  should  receive  almost  as 
much  attention  as  th  fauna  in  them.  Until  a  decade 
or  so  ago  emphasis  in  the  ecological  stuu>  of  marine 
sediments  was  placer!  on  gross  texture  and  total  or¬ 
ganic  carbon  (Barnes,  1959).  In  recent  years  stress 
has  shifted  to  a  closer  examination  and  interpreta¬ 
tion  of  the  dynamics  of  benthic  phenomena  at  ionic, 
molecular,  micro-,  and  smaller  megabenthic  levels 


(Bader,  1962;  Burkholder,  1963;  Hayes,  1964;  Kan- 
wisher,  1962;  Kohlnteyer,  1963:  Nelson,  1962;  Op- 
penheimer,  1963;  Sanders,  1960;  Sears,  1959;  Wieser, 
1960;  Ferguson  Wood,  1962;  Zhukova  and  Fedosov, 
1963).  The  field  is  far  from  exhausted,  but  results 
so  far  indicate  that  this  has  been  a  rewarding  trend. 

The  most  characteristic  and  best  known  estuarine 
substrate  consists  of  clays  and  silts  and  organic  mat¬ 
ter,  and  is  found  principally  in  the  upper  reaches  and 
quiet  lateral  areas  of  estuaries.  This  substrate  as¬ 
sumes  a  distinctive  profile  to  a  depth  of  a  decimeter 
or  so,  and,  being  an  integrated  spectrum  of  all  the 
physical,  chemical,  and  biological  factors  there,  serves 
to  distinguish  many  of  the  microenvironments  in 
quieter  areas  of  estuaries  (Nelson,  1962).  Ecologi¬ 
cally,  the  upper  layer  very  roughly  5  to  10  cm  deep, 
which  is  inhabited  by  burrowing  invertebrates  and  re¬ 
worked  by  them,  grades  into  the  bottom  or  "histori¬ 
cal”  unworked  zone;  below  the  burrowing  line  there 
is  a  decline  with  depth  in  the  number  of  bacteria 
(Hayes,  1964). 

There  is  no  fundamental  textural  differentiation 
among  horizons  of  the  clay-silt-organic  sediment  pro¬ 
file.  It  is  primarily  a  chemical  and  biological  adjust¬ 
ment  between  the  oxygenated  mobile  overlying  water 
and  the  de-oxygenated  and  immobile  sediment  at 
depth  in  which  diffusion  and  exchange  proceed  up¬ 
ward  towatd  the  free  water  and  vary  seasonally,  at 
least,  in  non-tropic  regions.  At  the  sediment-water 
interface  (Hayes,  1964)  there  is  a  thin  layer  of  semi¬ 
fluid  brown  oxidized  sediment  which  is  swept  tem¬ 
porarily  into  suspension  by  the  stronger  currents. 
Below  this  is  a  thin  layer  of  olive  gray  sediment 
and  then  one  of  very  dark  gray  or  black  mud.  Where 
water  movements  above  the  bottom  are  sluggish  and 
there  is  minimum  diffusion  of  molecules  from  the 
water  to  the  sediment,  these  zones  may  compress 
close  to  the  surface.  Nutrients  and  trace  elements 
diffuse  across  the  second  and  third  layers  from  the 
sediment  into  the  overlying  water.  Below  them  all 
is  a  layer,  typically  medium  to  light  gray  in  color, 
which  represents  sedimmt  that  has  pass.d  beyond 
maximum  microbial  decomposition  and  chemical  ac¬ 
tivity.  The  depths  of  the  various  horizons  below  the 
sediment-water  interface  are  a  function  of  ventilation 
in  the  overlying  water,  and  their  |>ositions  shift  with 
changes  in  these  conditions.  Varying  degrees  of  water 
movement  will  erode  the  surface  of  the  profile  or  may 
admix  f.r.c  sand,  and  in  shallow  water  the  mud  may 
be  swept  away,  leaving  a  sand  which  doe*  not  exhibit 
the  typical  estuarine  sedimer  t  profile  (Nelson,  1962). 
Moore  (1930),  in  a  mud  profile  in  Bristol  Channel, 
distinguished  an  upper  dark  layer  containing  a  high 
organic  content,  an  intermediate  reduced  stratum  with 
less  organic  matter,  and  an  anaerobic  layer  with  very 
little  organic  matter.  Sanders  (I960),  in  the  high 
salinity  silty-clay  sediment  of  Buzzards  Bay,  noted  a 
top  2-3  cm  brown  unconsolidated  flocculent  layer, 
and  a  lower  gray  consolidated  zone.  The  amount  of 
organic  matter  present  in  the  two  layers  was  about 
equal,  but  detectable  quantities  of  free  sugars  were 
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present  only  in  the  surface  cone.  Although  in  general 
no  basic  textural  distinctions  in  particulate  matter 
among  horixons  at  the  macro-  and  microscopic  levels 
of  the  profile  have  been  recognised,  these  may  exist 
at  the  low  ultrastructural  level.  In  view  of  tlte  rela¬ 
tionship  of  microorganisms  which  dwell  on  and  among 
sedimentary  particles  and  aggregates,  it  may  be  useful 
to  examine  these  particles  with  the  electron  micro¬ 
scope  (Hathaway  and  Robertson,  1961 ). 

Although  clays,  silts,  and  organic  matter  consti¬ 
tute  the  distinctive  and  predominant  sediments  in  es¬ 
tuaries,  admixtures  of  sands  and  coarser  particles 
occur  in  the  direction  of  inlets  and  wave-ex(>osed 
shallow  and  intertidal  cones;  bottoms  under  strong 
currents  and  wave  action  may  be  predominantly  sand 
(Day,  1951).  Particularly  in  small  shallow  exposed 
estuaries  the  proportion  of  sandy  bottom  may  be  sub¬ 
stantial  (Carriker,  1959;  Parker,  I960).  Hedgpeth’s 
detailed  review  of  sandy  beaches  (I957d)  suggests 
wha'  may  be  looked  for  in  estuarine  sandy  beaches 
and  clean  sand  flats  (Pearse  ft  al.,  1942;  Stephen, 
1955;  Yonge,  1950),  though  such  extrapolation  should 
be  pursued  cautiously  until  further  work  is  done  on 
estuarine  intertidal  areas. 

Rocky  substrates,  oyster  reefs,  shell  deposits,  and 
other  hard  surfaces  (except  at  water-scoured  inlets 
and  wave-exposed  intei tidal  zones)  seldom  exist  as 
clean  surfaces  in  estuaries  because  of  sedimentation 
(Day,  1959;  Percival,  1929).  Colonizing  organisms 
are  thus  presented  with  a  mat  of  sediment  of  vary  ing 
thickness  overlying  hard  surfaces  (Carriker,  1961b; 
Korringa,  1951;  Percival,  1929).  The  character  of 
such  sediments,  in  most  respects,  is  probably  similar 
to  that  of  deeper  sediments  in  the  bottom,  but  the 
effect  of  the  presence  of  the  underlying  shallow  solid 
floor  and  thus  minimal  anaerobic  conditions  is  not 
known  (Chapman  and  Newell,  1949;  Glynne-Wil- 
liams  and  Hobart.  19521.  Most  studies  of  coloniza¬ 
tion  of  rocky  surfaces  have  been  conducted  on  rela¬ 
tively  clean  ex|>osed  non-cstuarine  hard  surfaces 
(Doty,  1957).  Worth  pursuing  is  the  effect  of  salin¬ 
ity  and  sedimentation  on  settling  and  excavation  by 
organisms  boring  into  mollusc  shell  and  calcareous 
rocks  (Goreau  and  Hartman.  1965:  l!o|>kins,  1958, 
1962:  Yonge.  1963)  and  the  degree  to  which  up 
estuary  |>enetration  occurs. 

As  Nelson  t  19t»Ji  [Hunts  out.  it  is  apparent  that 
complexities  of  estuarine  sediments  determine  many 
of  the  subtleties  of  ecological  relationships  among  (lie 
benthos ;  ami  that  the  major  effect  of  the  sedimentary 
substrate  is  its  role  in  maintaining  unique  chemical 
conditions  in  the  bottom  and  immediately  overlying 
water.  The  chemical  complex  consists  of  ihe  inter¬ 
dependent  factors  of  texture  and  structure,  organic 
content,  pore-water  chemistry,  ion-cxrbange  cqui 
libria.  gas  equilibria,  and  microbiological  activity. 
The  structure  and  texture  of  sediment  in  tits  estab¬ 
lishes  the  framework  within  which  chemical  ami  bi¬ 
otic  processes  operate.  Determination  of  particle  size 
distribution  of  disaggregated  sediments  has  been  ac¬ 
complished  routinely  for  some  lime .  hot  much  more 


needs  to  be  done  on  the  characterization,  started  by 
Moore  (1931a),  of  the  natural  size  range  nod  nature 
of  particles  and  aggregates,  and  porosity  in  ur  dis¬ 
turbed  sediments.  To  be  examined  are  such  physical 
properties  of  sediments  as  thixotropy  f  quicksand ) 
and  dilatancy,  as  they  affect  the  speed  of  burrowing 
and  probably  other  activities  of  burrowers,  especially 
intertidally  (Chapman,  1949).  The  ecological  sig¬ 
nificance  of  these  structures  and  their  properties  to 
micro-  and  meiobenthos,  especially,  must  be  profound, 
as  it  is  these  which  constitute  their  biotope 
Only  a  rudimentary  knowledge  exists  of  the  chem¬ 
istry  of  interstitial  water.  Nelson  (1959,  1962),  work¬ 
ing  on  sediments  within  a  salinity  gradient  of  0-20  'i, 
in  a  long  estuarine  distributary  of  Chesapeake  Bay. 
contributed  significant  information  on  water  content, 
ion  exchange,  pH,  chlorinity,  major  ion  composition, 
alkalinity,  NH*.  H,S,  and  CO*.  Water  content  of  the 
profile  was  about  80  percent  by  weight  at  the  surface, 
and  then  decreased  regularly  to  about  50  percent  at  a 
depth  of  some  three  feet.  Calcium  w'as  the  dominant 
exchange  ion  in  fresh  water ;  in  brackish  water  so¬ 
dium  began  to  occupy  the  exchange  sites  and  as  salin¬ 
ity  increased,  sodium  replaced  calcium.  In  brackish 
water  the  concentration  of  magnesium  and  potassium 
apparently  was  too  low  to  have  any  effect  on  the 
exchange  complex,  but  with  increasing  salinity  down 
the  estuary  they  became  about  equivalent  to  exchange¬ 
able  calcium,  while  sodium  remained  the  dominant 
ion.  The  change  in  chemical  character  of  estuarine 
sediments  along  the  salinity  gradient  was  n.ost  gen¬ 
erally  reflected  by  a  change  in  sediment  pH.  Fresh¬ 
water  sediments  were  slightly  acidic  in  reaction;  as 
clay  materials  were  moved  progressively  into  more 
saline  water,  their  pH  rose  until  it  became  moderately 
alkaline  as  a  result  of  saturation  of  the  negative 
surface  charges  with  basic  cations.  Vertically,  pll 
within  an  estuarine  sediment  profile,  determined  first 
by  cation  exchange  and  then  by  gaseous  equilibria, 
generally  increased  slightly  with  depth  to  a  maximum, 
then  decreased  very  slightly. 

The  chlorinity  of  interstitial  water  increased  down 
the  estuary  commensurate  with  that  in  overlying 
water.  Normally,  chlorinity  of  [Hire-water  at  the  sedi¬ 
ment  surface  slightly  exceeded  that  of  the  adjacent 
overlying  water,  though  this  feature  nay  vary  with 
the  t \  [»e  of  estuary.  In  the  upj*er  reaches  of  the 
estuary  chlorinity  was  uniform  with  profile  depth. 
I  Hit  in  (lie  lower,  more  saline  readies  interstitial  chlo¬ 
rinity  increased  slightly  with  depth  t  Nelson.  196*  >. 
l-acvastu  ami  Fleming  f  1 95V  i  found  that  replacement 
of  fresh  interstitial  water  with  salt  water  in  an  estu¬ 
ary  was  rapid,  hut  replacement  of  salt  interstitial 
water  by  overlying  fresh  water  was  a  much  slower 
process.  This  confirms  the  earlier  observation*  of 
Alexander  tl  al.  *  1 935  > .  that  water  retained  in  the 
muddy  foreshore  of  an  estuary  at  low  tide  is  more 
saline  than  estuarine  water  itsdf  at  the  same  dis 
tancc  from  the  sea.  and  those  of  Reid  i  19.12).  that 
sand  likewise  fend*  to  retain  higher  interstitial  salmi 
tie*  This  condition  may  he  of  ronsideraWe  cevdogiral 
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import,  as  it  permits  infauna  to  penetrate  a  greater 
distance  up  the  estuary  than  epifauna  of  similar  os¬ 
motic  tolerances  (see  also  Milne.  1940a  ;  Moore,  1958; 
Kinne,  1964),  presumably  providing  a  more  stable 
saline  environment  than  the  ambient  water  for  bur¬ 
rowing  organisms  and  roots  of  plants  (Emery  and 
Stevenson,  1957b).  The  quantitative  relationship  be¬ 
tween  salinity  in  the  substratum  and  the  variable  sa¬ 
linity  of  the  overlying  water  is  still  not  completely 
understood ;  bottom  dwellers,  by  irrigation  of  their 
burrows,  may  profoundly  influence  the  speed  of  ad¬ 
justment  of  interstitial  salinities  to  variations  in  the 
overlying  ambient  salinities  (Smith,  1956 ». 

Occasionally  groundwater  flows  into  estuaries  by 
way  oi  springs  either  in  the  salt  marsh  or  subtidally 
creatmg  unique  ecological  conditions  in  sediments  in 
the  close  vicinity  of  the  freshwater  inflow  .  Hur- 
banch  «  of  1956,  The  detail,  of  this  interesting 
ecological  phenomenon  have  not  been  reported. 

-  elson  (1962)  reports  that  one  of  the  most  useful 
potential  ecological  factors  for  detecting  significant 
changes  in  the  sediments  is  the  titration  alkalinity  of 
interstitial  water  At  the  sediment  surface  this  gener 

S  TT*  lTOm  f,CsH  wa‘"  i«»  «  did 

t  ie  alkalinity  of  the  estuarine  water  itself,  but  whereas 
that  o.  sea  water  seldom  exceeds  2  meq  I,  pore-water 
alkaJinitics  commonly  reached  5  or  even  10  meq  I 
increasing  from  well-ventilated  to  poorlv  ventilated 
sediments.  A  pronounced  increase  occurred  with  depth 

ofcl^r  ,>r0h'"'  aPparrn,,v  '"dcpcndentlv 

In  a  stimulating  report  on  gas  exchange  in  shallow 
marine  sediments,  Kanwisher  (1962)  records  that 
gas  excliange  measurements  of  a  bottom  provide  an 
indirect  means  ol  determining  the  overall  biological 
rate  in  tlic  benthic  community,  ar.d  indicate  that  shal¬ 
low  nurine  sediments  constitute  essentially  an  arue 
nd„c  hm,tVe.  In  this  regard.  Hayes  .1964,  cam,™,* 
t  ut  there  are  difficulties  in  using  oxygen  consump- 
tiim  as  a  usetul  and  sensitive  measure  of  the  biochemi¬ 
cal  activity  ot  sediments,  as  each  mud.  bv  reason  of 
tlw  lns,„r«:al  activ.t,  of  anaerobe  organisms,  forms 
reduced  compounds  which  uxidize  spontaneously  when 
aerobic  conditions  art  provided;  at  the  same  time 
aerobic  bacteria  increase  in  numbers  to  reach  a  steads 
vtatc.  ami  m  nature,  oxygen  uptake  is  a  surface  phr 
nomenon  and.  depending  on  the  season,  the  circula 
,hr  ^»and,  the  sediment  water  interface 
nuy  be  more  or  less  deprived  of  oxygen  He  con 

'  “I*”  'I'"*’  M“Jv  0<  ,hc  «<  marine  sediments  I 

11  UrrrJv  *  l^oWcm  ol  mxrohKJog,  |w  abumin-  , 
«wrgy  through  rcspirai,™,  utwlcr  aerobw  cmsditwnx  i 
organisms  use  molecular  oxygen  as  the  hydrogen  ar  t 
ceptor  l  ndrr  anaerobic  condition*.  nitrogen,  sulfur.  1 
and  carbon,  m  this  ascending  order  of  rffioeno  are  i 

»s«l  and  then  primarily  only  by  bacteria  which  are  , 

capalde  „<  such  b«»  .cm.stry  IWo.  a  thm  surface  t 

later  of  a  centimeter  or  so.  bottom  sediments  are  f 

anaerobic  thus  the  alternate  hydrogen  acceptors,  are  s 
used,  and  Ml*.  >I,S  and  HI,  occur  in  the  sr-.imient  r 
ii  nitrogen,  sulfur,  and  carbon  are  available  The  ti 


T  floral  anaerobic  ity  in  tile  bottom  resulu  from  the 
1  demin<1  toT  ox>flen  exceeding  that  supplied  by 

diffusion  from  the  overlying  water,  and  from  the  fact 
e  that  there  is  little  vertical  movement  of  the  interstitial 
water  and  of  dissolved  gases,  except  from  burrowing 
i  animals  (Brafield.  1964).  In  the  absence  of  oxygen 
*  “*  n*°**  chemical  factor  of  the  sediment  is 

-  the  suu  of  oxidation  reduction,  which  seems  useful 
i  only  as  a  general  guide  in  estimating  the  types  of 
r  organism,  to  be  expected  ( Baas  Becking  tt  a/.,  1957 
I960;  Hayes,  1964,.  Eh  decreases  with  depth,  meas- 

’  bT*!iU  ot  -‘®°  mv  br,n*  COCTln>on  in  organically 
rich  sediments.  Much  of  anaerobic  respiration  involves 
sulfur  reduction,  because  nitrogen  is  present  only  in 
small  amounts  and  sulfur  is  abundant;  this  accounts 
i  lor  the  conspicuous  quantities  of  H,S  in  anaerobic 
sediments.  Formation  of  H,S  by  bacteria  is  a  ubiqui¬ 
tous  and  common  microbiological  process  (Gunltrl 
and  Oppenheimer.  1963;  Moore,  1931a)  and  seem,  to 
exert  a  marked  influence  on  the  biology  of  sediment* 
(herguson  Wood.  1962;  ZoBell.  1946b).  Methane 
‘s  also  common  a*  carbon-reducing  bacteria  are  also 
abundant.  As  respiration  usually  predominates  over 
photosynthesis,  oxygen  |<ai*es  into  the  sediments  from 
the  overlying  water,  and  CO,  emerges.  Insoluble 
coni  pounds  such  as  elemental  sulfur  and  FeS  win  be 
held  at  the  level  where  formed.  As  HXS  diffuses  up^ 
ward  it  reaches  the  oxygenated  layer,  where  it  either 
oxidizes  spontaneously  or  is  utilized  by  bacteria  •  some 
also  pavves  freely  into  the  water.  All  biological  and 
chemical  activity  involving  sulfur  occurs  in  the  upper 
I  or  2  cm  of  the  profile.  Photosynthctic  oxidation  ,, 
limited  to  the  depth  of  light  penetration,  but  some 
diatoms  are  also  heterotrophic  ( Lewin.  1963;  Fergu¬ 
son  Wood.  1962 1  and  thus  may  move  deeper  into  the 
sediments.  Kanwisher  calculates  that  a  little  over  10 
percent  of  the  productivity  of  the  overlying  waters  is 
consumed  bv  the  bottom  community  ;  and  notes  that 
in  spite  of  lack  of  oxygen  in  the  bottom  and  greater 
production  of  C  O,  than  O,  consumption,  there  is  an 
extensive  infauna  which  must  live  temporarily  or  per 
nvanmtly  without  this  gas  fWieser  and  Kanwisher. 

jk!*  THc  rcducrd  r*o**U  produced  bv  this  anar- 
robtosis  are  oxidized  in  the  thm  aerated  surface  laser 
of  the  sediment.  Kanwisher  did  not  relate  his  ohsrr 
rations  to  specific  type,  of  sediment  or  strata  in  the 
substrate  profile,  so  it  u  difficult  to  relate  hi*  results 
Spatially  to  those  of  Nevsen  (  1962). 

Oppenhrtmrr  and  W  ard  ;  I9e*3  >  investigating  .met 
tidal  mud  flats  ol  Texas  estuaries  where  rapid  sedi¬ 
mentation  occurred,  found  an  annual  cycle  of  redox 
potential,  in  which  the  oxygen  transition  tone  was  at 
the  surface  of  the  sediment  during  the  summer  with 
nigh  bacterial  activity  and  oxygen  consumption,  but 
a  few  centimeters  within  the  sedunrm  m  the  winter 
when  bacterial  act. r, I*-*  declined  in  contrast  pH 
went  through  a  diurnal  change  from  approx  .male,* 

’  »°  «*•"*««  respiration  and  photasynthe,  re- 

vycetixgh.  to  the  depth  of  light  penetration  (atnut  0  5 
™  sediwiciUv  and  to  1.5  no  mr  sandy  *rdi 

*""***'  Undrr  circumstances  of  high  trmorratorrs 
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•Jeep  ifeggiih  water,  and  a  highly  reducing  bottom, 
free  oxygen  may  disappear  from  the  tone  of  water 
immediately  over  the  bottom  (Carpenter  and  Cargo, 
1957;  Nash,  1947)  with  lethal  consequences  to  epi- 
tatmal  and  aerobic  infauna. 

In  his  studies  of  estuari  le  sediments.  Nelson  ( 1962) 
found  COj,  NHj,  and  HjS  the  most  abundant  and 
reactive  gases.  The  relative  proportion  of  total  NH,. 
HjS,  and  CO,  was  1 : 10:100.  All  showed  maximum 
concentration  at  tome  horizon  a  few  inches  below  the 
sediment  surface;  in  addition  NHj  showed  a  gradual 
recreate  with  depth,  H,S  remained  essentially  con¬ 
stant.  and  CO,  decreased  with  depth.  Shishkina 
(1959),  from  a  study  of  the  composition  of  salts  in 
interstitial  water  m  deep,  quiet,  undisturbed  marine 
sediments,  suggests  that  in  some  regions  this  pore- 
water  may  remain  unchanged  for  hundreds  of  thou¬ 
sands  of  years ;  studies  of  the  age  of  interstitial  water 
in  twluanne  sediments  have  not  been  reported,  but 
because  of  the  geological  instability  of  these  profiles, 
it  is  unlikely  that  they  are  ever  r*n  old 

Because  of  their  significance  as  plant  nutf  cuts.  the 
distribution  and  cycling  of  phosphorus  and  nitrogen 
in  estuaries  has  receded  considerable  attention  I  Har¬ 
vey.  1955;  Jeffries.  1962;  Jitta,  1959;  RocMord. 
1951).  Jeffries  (1962)  notes  that  the  summer  in¬ 
crease  in  phosphate  phosphorus  found  in  estuarine 
waters  cantiasts  with  a  decrease  in  the  sea  during 
this  period  coincident  with  a  sharp  drop  in  tne 
NO,  PO«  ratio,  and  that  this  seems  to  be  character¬ 
istic  of  estuaries  along  the  northeast  coast  of  ttv„- 
United  Stale,  Jitu  (1959)  showed  that  fine  sus¬ 
pended  estuarine  sediments  can  trap  ft)  to  90  percent 
oi  the  large  amount  of  1*0,  present  during  periods  of 
high  runoff,  and  later  release  it  as  conditions  become 
more  stable,  thereby  contributing  to  the  high  level 
of  production  character -tic  of  the  estuary.  Jeffries 
i  1962)  adds  (hat  mruDulnm  of  bmthtc  organisms 
(  sec  also  tidal  marshes.  Kagotxkie  cl  d,  1959 1  may 
also  contribute  to  these  nutrients,  promoting  higher 
initial  regeneration  rates  oi  It),  ami  NO,. 

Organic  matter  in  the  sediments  is  derived  prt 
manly  from  decomposition  of  dead  organisms,  their 
fecal  nutter,  and  secretion*  and  runoff  inm  the  land 
i  Fox.  1950;  I  fatal.  196.1 1  Rooted  aquatics  such  as 
/ax lev*  and  .V^uetma  may  he  the  chief  producers  in 
shallow  water  i  Fasseit.  1928.  Hayes.  1964).  This 
matter  series  as  an  energy  source  for  a  broad  gra¬ 
dient  of  hrterotrophie  baeteru  and  oi  !,  get  sites  of 
benthic  organisms  dependent  an  st  for  food,  as  a 
modifier  of  inorganic  chemical  reactions  through  mm 
(dec  format  con  and  chelation  pbetsomena,  and  as  a 
reacting  system  itself  «  Hand  1963;  Nelson.  1962. 
be.guwei  Wood.  1962*  Resent  researches  indicate 
that  amino  acids  may  alto  be  evolved  absotrraliy  *  for 
example,  by  |4vtosvnthes.»  from  par aiormaldrhyde 
mvulsmg  the  f'ltwii  of  mitogen  in  the  presence  at 
the  catalyst.  cnDtwiil  rwli tdmuni  oxide,  Bahadur 
cf  m  .  1958 1.  and  then  pnlymerited  tilseinr  has  hren 
psdimrrtted  mi  a  clay  base  with  uJtraxsoM  light  to 
produce  |«l<  tlyonr  t  Hemal.  |96i  v  b  stuaries  mtv 


be  in  a  unique  position  lor  the  abiotic  format ior.  of 
organic  molecules,  in  that  they  provide  a  rich  milieu 
of  charged  clay  minerals  and  |>oteiitial  elemental  car¬ 
bon,  liydri'gce,  nitrogen,  and  oxygen.  The  process 
may  occur  continuously,  accelerated  by  the  fluctuating 
mixing  gradients  of  fresh  and  wa  water  in  relatively 
shallow  basins 

SuitaWe  methods  ior  determination  of  total  organic 
carbon  in  sediments  have  been  in  use  for  some  time 
(Barnes.  1959.  Trask.  1955).  but  only  in  the  last 
few  years  has  research  on  the  composition  of  this 
organic  matter  been  undertaken.  With  the  currently 
available  analytical  techniques,  the  presence  of  hy¬ 
drocarbons.  cellulose,  lienucellulose,  humus,  carbohy¬ 
drates.  rhamiMisides.  simple  sugars,  proteins,  ammo 
acids,  fatty  acids,  -'•■•rime  acids,  wax.  lignin,  lipiiis. 
chlorophylls,  vitamins,  and  many  other  organic  :o.?i 
pounds  have  hern  demonstrated  in  sediments  (  Bader. 
1956,  19(i2;  Hood,  1963;  llunkett.  1957;  Valkmtyne, 
1957;  Zhurknva  and  Kedosov,  1963).  It  has  been 
postulate?!  that  dissolved  ammo  acids  and  proteins 
inay  form  rarhamino  carboxylic  acid  complexes  with 
molecular  thereby  increasing  the  solubility  ol 

calcium  carbonat-  and  pi  -  . phase  in  sea  water  I  Hood. 
1963  i. 

In  shallow  coastal  seas,  organic  substances  pro¬ 
ducts  bv  phytoplankton  arc  unstable  and  decompose 
ra  itdly ;  for  example,  one  day  after  death  of  cells. 
20  percent  ->f  their  phosphorus  and  30  percent  of  their 
nitrogen  is  released  and  dec  imposition  is  complete 
in  five  days.  IVad  planktrrs  sink  slowly  to  the  bot¬ 
tom.  beginning  to  decompose  in  the  water  column. 
Thus  in  the  sediments  is  found,  in  addition  tv;  she 
labile  oceanic  molecules  produced  there  by  benthic 
organ  isn.»,  mainly  organic  matter  that  is  dithcult  to 
decompose  Hctm.elluiosc  decomposes  most  rapidly 
in  the  seduwr.s.  tlie  lignin-bunius  complex  most 
sit  .sly.  Oi  the  total  quantity  of  carbon  in  the  sedi¬ 
ment,  18  to  38  percent  »  of  soluble  compounds  ■  less 
sugars  ami  cellulose  i.  5-10  percent  is  oi  sugars  ami 
henocellutose.  5-14  pereent  of  cellulose,  ami  4“-#-J 
percent  of  lignin  hunois  I  Hayes.  1964;  Zhukova  ami 
l-’edosor.  |9tv3t.  I.ii.-fldom  11963)  re;«?rteil  a  »nle 
variation  in  ratios  as  well  as  abs^.ute  anvmnls  m  the 
local  concentration  of  proteins,  carbohydrates,  am! 
ether  extractable  lipids  withm  different  marine  snit 
mrnts  «t  open  waters  In  wmr  areas,  he  found  an 
interesting  trend  in  the  decrease  of  protein  ami  ca.‘!«? 
hvdrale  ami  an  me 'ease  of  hpid.  with  ijepth  Sanders 
i  |9f,i  [  ,n  preliminary  measurements.  disei/vesed  tree 
mull  cliam  sugars  in  the  upt>cr  2  cm  of  the  sediment 
Stankova  i|959l  found  in  strongly  reducing  nta 
fine  sediments  that  the  organic  content  ij  toral  range 
of  0  08  to  I  !{  prrernf.  a:*d  a  lanalwn  in  the  Ajrface 
fsme  IV 25  cm  thick,  of  IQ  to  2!  mg  It  of  the  ictrr 
vlitial  water  increased  from  the  surface  downward 
(ontran  nvstrti'T.i  «rrf  obserird  us  oialind  sedt 
merits  dsrxSrfr  Mironov  and  Hordes  sks  iJ->59- 
tn vrw  gating  Kremt  sediments  in  the  western  Itmnj 
Sea.  found  that  * *e gan it  rirton  c«*tlrr-.t  >rc iron!  with 
a  ifre  I  raw  -n  the  average  diamrtrr  ni  vedimrotirs 
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particle...  and  amounted  to  0.32  percent  for  sands  of 
average  "ra  n  size,  0.51  percent  for  fine  sands,  and 
0.72  percent  for  coarse  silt.  A  maximum  concentra¬ 
tor:)  nas  found  in  silty  clay  muds,  1.46  percent;  hne 
silty  muds,  1.08  percent;  and  in  clay  muds,  0  92  per¬ 
cent.  They  noted  that  sediments  include  humus  (char¬ 
acterized  by  a  low  carbon  and  a  high  hydrogen  and 
nitrogen  content ;  see  also  Skopmtsev,  1959 )  which 
is  projNirtional  to  the  organic  carbon  concentration. 
Humus  is  though*  to  arii*’  autocbtho.ncallv  Whether 
dis|N»sition  of  organic  natter  in  sediments  of  true 
estuaries  is  similar  is  not  known.  In  the  shallow 
estuaries  of  Texas  ( Oppenhcimer  and  Ward,  1563), 
where  watt ;  is  highly  turbid  and  sedimentation  rates 
are  relatively  high  i  up  to  19  cm  per  100  years  I.  inter¬ 
tidal  sediments  nay  contain  a  maximum  of  5  ]>ercent 
organic  matter  in  the  summer,  ami  a  winter  low  of 
U  K  |»erccnt. 

The  suggested  availability  of  a  large  concentration 
and  variety  of  dissolved  organic  molecules  in  estu¬ 
arine  interstitial  water  assumes  importance  not  only 
to  heterotrophic  microorganisms,  but  to  higher  forms 
of  mvrrtrh'ate  life  which  may  be  able  to  utilize  them 
directly  1  MacGinittc.  1945,  Stevens,  1963  i.  Whether 
dissolved  organic  natter  can  be  aggregated  in  inter¬ 
stitial  c, marine  water  bv  adsorption  to  the  surface  or 
by  o*Ik-t  means,  as  has  been  demonstrated  in  oj>en  sea 
water  (Baylor  and  Sutcliffe.  1963  Kdcy.  1963;  Sut¬ 
cliffe  ft  at .  1963).  ha»  not  been  shown.  It  is  none¬ 
theless  an  important  area  for  research,  in  view  of  the 
ease  of  utilization  of  non-living  particulate  organic 
nutter  by  suspension  and  deposit  benthic  feeders, 
whether  vs  organic  aggregates  or  bound  to  mineral 
particles  Harnker.  1959;  Fox.  1957;  Fox  tt  at  , 
1952;  Wieser,  I1#*):  Wilson.  Id 5s! It  wouhl  b*- use 
ful  to  have  furtlieT  information  on  (he  series  of  frac¬ 
tions  resulting  from  degradation  o  dead  bodies  of 
plants  ami  animals;  the  coni[>ositiuf’.  of  particular  or¬ 
gans  fractitms  and  organs)  mineral  c<«n|ilrxca  and 
the  transformation  to  pa rt nutate  organic  nutter  i'pxii 
compvmnds  in  solution,  through  sorption  to  clay'  silts, 
and  larger  surfaces,  through  abiotic  chemical  action, 
ami  through  incorporation  into  the  protoptasni  of 
microorganisms  (Zhukova.  1963).  Ficologtcally  such 
knonleslgr  is  fund. menial,  not  on!\  because  .d  the 
nutrtlivr  vaf.tr  ot  sack  organic  fractions,  but  because 
sil  wlvat  they  mtgist  contribute  itt  integration  of  ben¬ 
thic  tiii.T-xinnunziilirs 

Hie  vi  hirer  sedimentary  fractisdrs  m  e*!u 

anes  >•■  g’Ynetaily  Mark  or  if.srk  g! as  The  signfh 
finer  » :  th-s  C«r-o*  (u  hrnthoy  is  unknown.  »;«  i? 
could  hr  mtrjs-’siKg  to  Jeara  whether  the  color  pat 
tern  s»i  true  ryteantsf  swow  is  universal!*  uniform 
or  var.-e*  with  that  of  I  hr  i>.b*trat«t*i  (."ocnjvif  ivm  of 
ofganrojs*  id  a  lijno!!.  v ■  stored  rstuaruw  sediment 
wish  that  of  estuarine  psKtoms  of  the  iln  a!  1  ursdy 
wSvrrr  t-nc  sediments  are  red  sttuikher  would 

affortf  an  opj.-ftmiils  to  investigate  the  scatter 

?*i.  t  .viyaiuwi 

These-  air  rtinoidturiii  -^aiviant  an.)  vrrv  active 


in  estuarine  sediments  ar.d  must  play  a  most  important 
role  in  stuping  the  overall  sedimentary  environment 
of  larger  1*  line  organisms.  Exploration  of  their 
effect  on  ;i«  chemistry  and  biology  of  the  benthic 
biotojH  ;s  a  recent  undertaking,  liut  rapid  and  cn 
couraging  progress  is  leing  nude  in  these  studies 
( Oppetiheitncr,  1960,  19fi3;  Ferguson  Wood,  1 96:2, 
1963;  Zrukova  and  Fedosov,  1963;  Zollell,  1946a,  In 
F'crgu.am  Wood  has  provided  excellent  reviews. 

I’liotosynthrtic  bentliic  microorganisms  include  di 
a’.xns,  flagellates,  tilaucntous  green,  brown,  and  red 
algae,  and  bine-green  algae,  and  in  reducing  sediments 
photoauiotroplm;  purple  anil  green  sulfur  bacteria 
I’lmtosynthetic  professes  raise  tin  pH  of  the  inter 
stitiai  am’  near  holism-  water  by  removing  t  O.  from 
bicarbonate.  ,.ia!  raise  l  b  by  the  prosluetnrt  of  free 
Oj.  Almost  all  the  microorganisms  rcj'mentevl  at  the 
surface  arc  autotrophs  which  do  not  rcijuire  oigamc 
sul>stances  for  development :  but  they  constitute  tmly 
a  snull  |icrertitagc  of  the  total  numl«T  of  Hitcrtnirgan- 
i->ms  in  seili.ncTils,  which  is  dominated  by  the  hetero- 
trofihs.  Heterotrophic  l  phagotrojdnc )  lienthic  micro¬ 
organisms  ntclusle  the  colorless  i  am!  some  of  the 
colored)  algae  f  diatoms  i.  flagellates,  bacteria,  fungi 
yeasts,  ctliatrs.  rlnzojmds,  and  some  other  protozoa 
Many  of  the  diafotns  found  in  sedimetils  arc  faculta 
tive  heterotrophs ;  and  ffagel  latex  are  finpientlv  both 
autotrophic  ansi  heterotrophic.  Anaerobiosis  in  the 
sediment  results  from  the  consumption  of  available 
0;  during  tie-  decomposition  of  organic  nutter  by 
bacteria  ami  the  release  of  microbial!)  produced  re- 
ducm f  substances ;  aerohiosis  occurs  in  the  prcieucr 
oi  dissolved  O.  ar.d  oxidized  substances,  these  result 
mg  largely  from  microbial  activities  such  as  photo 
synthesis.  o\  M.....MI  of  sultnles  to  sulfate  and  ar.imoiiia 
Is;  ii. trite  or  ii’tratc.  CO.  is  -educed  by  the  energy 
of  pltotieyntbcsis  or  bv  photorruuctii'i!  i"  the  absrncr 
of  free  U-.  Inorganic  nutrrial  is  converted  So  organic 
nultcr  by  plants  and  recteivertrd  by  tlie  luctcr-v  a*  1 
fungi  .  tlie  .ormrr  is  n*o-a  coni|4etr  u:xh-r  anaerobic 
condition* ;  aerobic  conversion  proceed*  to  such  inter 
mevliate  organic  products  as  lactic  or  pyruvic  as 'its 
Nitrate  i»  redoes >1  to  attun-ana  by  nr  st  plants,  though 
some  rcvpnrc  imttkziu  or  ammo  acids  tlclrrvxroplis 
ieml  to  rcvhjcr  mtrate-s.  ths*’gb  there  are  oxidizing 
twrtrru  Many  bacteria  and  wttv  s>i  the  a'p-a*-  van 
Hx  dissolve.!  mitogen  lofni  ng  anunontacal  com 
pounds  of  ammo  acts?.  Organic  form*  of  phospho¬ 
rus  are  converted  into  inorganic  i.irn'  Ps  hrtcrev 
f',«diic  ivasCcr  a.  and  are  irrspietitlv  prn-i|>:iat-' )  *ti 
tftc  *edtr  arr.t  > »  eaktum  nr  terns  ;4vos|4utr  I  vsept 
-where  the  organic  ontnn  i»  very  high,  the  whide 
»u! fur  evelr  *mt>v  to  rnntro!  the  hioi.^py  a'  the  »««Ii 
seat)  -Trifiivisj  V\  i..i  pud ' .  thts  occur*  txs  i'w 
pti  aftd  I  f;  are  goverticvi  bv  the  act'»itv  <?(  the  sulfur 
bacteria  l  I  rtgUsott  UsmI  1%’  -  liaas  lierk-rg 
ft  at  1  1**57;  have  p.r-serttr.’  a  nsdrt  tp  ex,  lain  the 
cfvrtmcal  evr.trof  »t  the  b*okvgxa-.  rrartswv  withm  an 
estuary  Thr  k»«rt  F h  limits  s  i  the  artaerovwv  rear 
ports  atr  vi  hv  rs-fUibbru  between  Hjh  Mi’tai  -;«i 
MslJkydr.d  .  the  atkaboc  limit  ■■)  •; tlKZ I’-ss nl bes:,s  Is  set 
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by  equilibria  between  C02,  bicarbonate,  and  carbo 
nate ;  the  acid  limit  is  controlled  by  sulfur  bisulfate. 
In  the  acid  range  the  upper  limit  of  redox  potential 
is  probably  due  to  equilibria  between  ferrous  and 
ferric  sulfate.  These  limits  are  considerably  outside 
those  of  the  estuarine  environment,  except  for  Eh 
and  carbonate-bicarbona.e. 

From  detailed  microbiological  studies  of  the  upper 
sediment  layers  of  shallow  coastal  seas,  Zhukova 
(1963)  and  Zhukova  and  Fedosov  (1963)  conclude 
that  heterotrophic  bacteria  constitute  the  major  per¬ 
centage  of  bacteria  in  sediments  there,  functioning 
in  the  decomposition  and  regeneration  of  organic 
matter.  The  uppermost  silt  layer  of  1  to  1.5  cm  at  the 
sediment-water  interface  is  the  most  active  bacteri- 
ologically,  nd  consumes  from  1.5  to  3  times  more  CL 
than  lower  strata.  Accumulation  of  bacteria- at  the 
stnlace  is  so  great  that  it  often  forms  a  dense  bac¬ 
terial  him,  bacterial  biomass  ranging  from  2  to  57 
g/m-,cm  layer.  This  mass  under  natural  conditions 
is  increased  five-  to  six-fold  in  24  hours.  The  fact 
that  this  concentration  maintains  a  rather  constant 
level  indicates  active  consumption  of  bacteria  hv 
hig.ier  organ'sms.  These  heterotrophs  are  actively 
involved  it.  production  of  organic  detritus  and  are  a 
part  of  it,  one  gram  of  detritus  containing  up  to  five 
billion  cells.  The  number  of  bacteria  decreases  no¬ 
ticeably  with  depth  to  one  meter.  In  the  formation 
of  its  cell  a  bacterium  expends  three  times  its  own 
weight  in  organic  matter.  The  biomass  of  hetero¬ 
trophic  microorganisms  in  the  sediment  fluctuates 
primarily  with  the  presence  of  organic  matter  and 
thus  with  the  seasons.  Diurnal  production  of  micro¬ 
organisms  at  surface  of  the  sediment  varies  from 
1.2  to  6.2  t  Percentage  of  dividing  cells  in¬ 
creases  from  4.7  in  the  spring  to  8  in  the  summer. 
It  is  estimated  that  quantity  of  or"  pc  matter  in  the 
surface  sediments  nearly  meets  ;b.  requirements  of 
microorganisms  in  summer  conditions.  The  high 
rate  at  which  demineralization  of  organic  matter  can 
occur  has  also  been  described  by  Gunnerson  ( 1963 ) . 
Thus  across  the  sediment- water  interface  is  a  micro- 
organismically  controlled  exchange  of  organic  mate¬ 
rials,  stimulated  by  added  substrate,  such  as  plankton 
fallout,  and  by  oxygen  (Hayes,  1964).  The  effect  of 
the  estuarine  gradient  on  the  taxonomic  and  physi¬ 
ological  composition  and  activities  of  heterotrophic 
microorganisms  has  not  been  given  in  any  detail,  but 
in  view  of  the  findings  of  Zhukova  and  Fedosov  in 
marine  environments,  there  should  he  substantial  mi- 
croorganisnhc  activity  at  least  ir.  the  lower  reaches 
of  estuaries. 

Burkhoider  (1963),  discussing  co-actions  among 
microautotrophic  and  heterotrophic  plants  of  shallow 
water  sediments,  reports  that  important  growth-regu¬ 
lating  and  antibiotic  substances  are  synthesized,  ex¬ 
creted,  and  used  by  them  in  different  ways.  Among 
auxotrophic  algae  and  bacteria,  requirements  for  bi¬ 
otin,  thianrne,  cobalaminc,  and  nicotinic  acid  are  com¬ 
mon.  These  and  other  metabolites  are  formed  by  pri¬ 
mary  inicroproducers,  hut  their  direct  availability  may 


often  be  regulated  by  selective  inhibitory  action  of 
microorganismically  produced  antibiotic  substances. 
Furthermore,  the  metabolites  of  some  of  these  micro¬ 
organisms  are  utilized  in  sequence  by  others,  and 
simultaneous  exchanges  of  metabolites  can  occur 
among  these  microorganisms.  The  impact  of  these 
deractioiis  at  the  microorganismic  level  on  larger 
benthos  in  the  estuarine  gradient  can  only  be  guessed 
at  now,  bn*  lerves  the  impression  that  if  this  degree 
of  interdependence  exists  at  this  level  of  b.otic  or¬ 
ganization,  it  may  not  be  far-fetched  to  speculate 
about  it  between  this  and  higher  levels. 

Benthic  viruses  (Spencer,  1963),  yeasts  (Fell  and 
van  Uden,  1963),  fungi  (Kohlmeyer,  1963;  Johnson 
and  Snarrow,  1961),  ciliates  (Faure-Fremiet,  1951a, 
b),  a.-i  other  microinvertebrates  are  being  studied 
intensively  (Ferguson  Wood,  1963),  but  little  can  be 
said  at  present  of  the  ecological  relationships  of  these 
to  higher  estuarine  benthic  organisms. 

It  has  often  been  stressed  that  the  composition  of 
the  sediment  is  important  in  determining  the  distribu¬ 
tion  of  benthic  organisms  (Baas  Becking  and  Wood, 
1955;  Beanland,  1940;  Day,  1951 ;  Holme.  1949;  Mor¬ 
gans,  1956;  Parker,  1956,  1960;  Pratt,  1953;  Roch- 
ford.  1951;  Sanders,  1959;  Thorson,  1958;  Wieser, 
1959:  Zhukova  and  Fedosov,  1963).  This  relation¬ 
ship  will  probably  lie  explained  fundamentally  at  the 
ionic,  molecular,  particulate,  aggregative,  and  micro¬ 
biological  levels,  and  the  research  renewed  here  es¬ 
tablishes  a  pattern  for  continued  productive  investi¬ 
gations  of  the  physical,  chemical,  and  biological  en¬ 
vironment  of  estuarine  benthic  invertebrates. 

Effect  of  Meio-  and  Mcgabcnlhos  on  the  Sediment 

Estuarine  sediments  are  also  modified  to  a  con¬ 
spicuous  macroscopic  degree  by  meio-  and  mega¬ 
benthos  (Moore  and  Scruton,  1957).  Estuarine  ir,- 
vertebiates,  more  or  less  adapted  to  living  in  a  turbid 
environment,  are  often  highly  specialized,  not  only 
to  feed  on  sediments  (Sanders  et  al.,  1962;  Wells, 
1945;  Yonge,  1949!)),  but  to  entangle  in  mucus  the 
particles  settling  on  their  internal  and  external  free 
surfaces  and  to  remove  these  by  ciliary  currents  and 
muscular  movements  (Graham,  1957).  These  loose 
aggregates  then  accumulate  on  the  surface  or  in  the 
sediment  near  the  consolidators.  The  oyster  (Lund, 
1957:  Galt:..) ft,  1964)  and  the  mussel  (Verwey,  1952) 
are  especially  well  known  in  this  regard;  ciliated 
mein-  and  microbenthos  may  function  similarly  and 
just  as  efficiently,  but  have  not  been  investigated  with 
this  in  mind.  Heterotrophic  microorganisms  probably 
soon  decompose  the  mucus  and  liberate  the  particles, 
though  there  are  no  supporting  reports  on  this  prob¬ 
lem. 

More  conspicuous  and  perhaps  of  greater  ecological 
significance  is  the  capacity  of  animals  with  complete 
alimentary  canals  to  consolidate  undigested  residues 
into  more  or  less  compact,  resistant,  sometimes  or¬ 
nately  sculptured,  often  long-lived  fecal  pellets  of 
characteristic  form  (Edge,  1934;  Moore,  1955)  and 
of  systematic  value  (Moore,  1931b,  c).  The  pel- 
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lets  are  molded  in  the  ciliated  intestine  by  mixing 
inorganic  particles  and  undigestible  organic  residues 
with  mucus  and  coating  the  resulting  pellets  with 
further  mucus  as  they  are  voided.  Sculptured  pellets 
result  from  corresponding  ridges  and  grooves  in  the 
walls  of  the  intestine. 

These  fecal  pellets  are  characteristic  of  most  de- 
(wsits  in  quiet  estuaries.  Depending  upon  the  degree 
of  circulation  of  the  water  over  the  bottom,  sediments 
may  consist  of  30  to  50  jiercent,  and  in  very  quiet 
deep  bottoms  close  to  100  percent  pellets  (Moore, 
1931a,  1955;  Carriker,  1959).  Moore  (1931a)  noted 
that  with  increasing  depth  within  the  bottom  the 
friable  pellets  of  planktonic  organisms  break  up  and 
are  no  longer  recognizable,  whereas  those  formed  by 
the  mud  dwellers  are  extremely  firm  and  may  last 
for  a  hundred  years  or  more.  On  the  average,  carni¬ 
vorous  animals  tend  to  produce  feces  of  loose  con¬ 
sistency,  vegetable  eaters  firmer  ones,  and  deposit 
feeders  the  most  resistant  of  all.  Exceptions  to  the 
latter  are  sand-swallowing  forms  whose  feces  may 
be  insufficiently  bound  with  mucus  to  survive  the  ac¬ 
tion  of  water.  In  some  species  pellets  form  as  homo¬ 
geneous  rods ;  in  others,  as  heterogeneous  structures 
with  definite  sorting  of  coarser  from  finer  material 
into  specific  tracts  in  the  pellet  (Moore,  1955).  Fox 
cl  al.  (1952)  report  that  leptopelic  organic  matter 
is  present  in  rich  concentration  in  the  fecal  pellets  of 
filter-feeding  invertebrates,  suggesting  that  this  ma¬ 
terial  passes  through  the  digestive  tract  with  only 
minor  modification  or  that  it  accumulates  in  the  pellets 
after  voiding. 

In  some  interesting  studies,  Zhukova  (1963)  found 
that  bacteria  ingested  as  nutriment  by  invertebrates 
may  either  be  digested  with  other  components  of  food 
or  passed  through  the  intestine  unchanged.  In  the 
polychaete,  Nereis,  and  the  amphipod,  Portogam- 
marus,  it  was  noted  that  the  number  of  microbial  cells 
sharply  decreased  as  the  food  passed  from  the  mouth 
to  the  mid-gut,  but  in  passage  to  the  anus  the  number 
increased  slightly,  there  being  no  active  enzymes  there 
and  thus  an  opportunity  for  undigested  cells  to  mul¬ 
tiply.  In  the  mollusc,  Monodacna,  a  different  intestinal 
phys'ology  brought  about  a  continuing  decrease  in 
the  microbiota  throughout  the  intestine.  Fecal  pellets, 
then,  depending  on  the  species,  will  contain  varying 
concentrations  of  microorganisms  at  the  time  of  re¬ 
lease;  but  there  is  no  information  on  the  ecological 
succession,  if  any,  of  microorganisms  or  physical  and 
chemical  changes  occurring  within  the  pellets  after 
voidance.  Such  phenomena  will  undoubtedly  vary 
with  the  species  of  pellets  and  the  substances  con¬ 
tributed  by  the  guts  of  the  invertebrates.  In  a  study 
of  the  nature  of  the  food  of  deposit  feeders,  R.  C. 
Newell  measured  the  carbon  and  nitrogen  removed 
by  the  snail,  Hydrobia,  from  test  foods,  and  concluded 
that  microorganisms  are  much  more  important  as  food 
than  the  organic  debris  of  fine  sediments  (Kohn, 
1964).  These  problems  are  worth  studying  further 
in  view  of  the  abundance  of  fecal  pellets  in  estuaries, 
and  because  of  their  role  in  the  recycling  of  matter 


and  the  nutrition  of  benthic  deposit  and  suspension 
feeders. 

Should  fecal  residues  be  voided  into  the  environ¬ 
ment  in  the  finely  particulate  form  resulting  from  di¬ 
gestion,  and  often  from  mechanical  trituration  in  the 
mid-gut,  it  is  certain  that  estuaries  would  be  con¬ 
siderably  more  turbid  than  they  are  and  that  filter 
feeders  might  recycle  fecal  particles  ad  infinitum.  Ac¬ 
cordingly,  the  almost  universal  habit  of  compacting 
and  cementing  excrement  of  animals  possessing  com¬ 
plete  alimentary  canals  helps  at  least  to  reduce  the 
load  of  finely  suspended  sediment  about  them.  This 
may  explain  the  survival  and  elaborate  development 
of  the  mechanism  in  the  course  of  organic  evolution. 

Infaunal  burrows  in  estuarine  bottoms  range  from 
temporary  spaces  pressed  out  as  animals  move  about 
in  the  sediments  to  elaborately  lined,  more  or  less 
stable  tubes,  in  which  they  live  permanently  with 
little  movement  (Yonge,  1953).  In  heavily  populated 
bottoms  (Fox,  1950),  certain  active  infaunal  inhabit¬ 
ants  undoubtedly  assume  a  dominant  role  in  vertical 
mixing  of  the  sediments  (Emery  and  Stevenson, 
1957a,  b;  Hayes,  1964;  Moore  and  Scruton,  1957; 
Rhoads,  1963).  and  in  contributing  to  the  vertical 
homogeneity  of  the  physical  aspects  of  the  profile 
described  by  Nelson  (1962).  The  rate  of  biological 
reworking,  the  species  involved,  and  the  relationship 
of  these  to  the  rate  of  sedimentation  and  erosion  bear 
further  quantitative  investigation.  The  fact  that  sedi¬ 
ments  vary  so  widely  in  horizontal  composition  ( Salo¬ 
mon,  1962)  suggests  that  much  of  the  mixing  is  a 
vertical  process  where  organisms  work  sediments  pri¬ 
marily  in  a  vertical  or  oblique  direction.  Pumping  of 
water  over  gills  and  food-gathering  ciliated  structures 
accounts  for  a  substantial  movement  of  estuarine 
water  through  the  sediments,  but  this  matter  has  not 
received  the  quantitative  attention  it  deserves.  The 
rapidity  of  reworking  of  most  estuarine  bottoms  with 
their  often  high  degree  of  colonization  suggests  that 
microbenthos  are  concomitantly  shifted  freely  about, 
and  that  vertical  microbiological  and  chemical  re¬ 
adjustment  occurs  continuously  to  provide  the  rather 
clear-cut  gross  vertical  stratification  described  by 
microbiologists.  Finally,  it  is  doubtful  that  estuarine 
sediments,  to  the  depth  commonly  inhabited  by  estu¬ 
arine  infauna,  are  very  old  and  thus  that  the  chemis¬ 
try  of  their  interstitial  waters  has  been  altered  by  any 
mechanism  requiring  long  periods  of  time  for  their 
operation. 

Counteracting  the  biological  and  physical  forces  of 
horizontal  shifting  and  vertical  mixing  and  erosion 
of  sediments  are  the  stabilizing  effects  of  estuarine 
plants  (Fasset,  1928)  like  blue-green  algae  (Con¬ 
over,  1962),  Spartina  (Miller  and  Egler,  1950),  Zos- 
teru  (Ostenfeld,  1908),  Diplanlhero,  Thalnssia,  Rup- 
pia,  and  others  (Aleem,  1955;  Day,  1951;  Ferguson 
Wood,  1962),  which  further  greatly  modify  the  as¬ 
pect  of  the  community  by  imposition  of  root  systems 
in  the  sediment  and  of  circulation-reducing  conditions 
over  the  bottom.  According  to  Ferguson  Wood  (1962), 
macroscopic  algae  do  not  often  have  extensive  growths 
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of  epiphytes,  possibly  because  of  the  production  of 
antibiotics  (Allen  and  Dawson,  1960).  whereas  the 
sea  grasses  are  usually  covered  with  diatoms,  blue- 
green  algae  and  associated  bacteria,  ciliates,  and  fla¬ 
gellates.  The  effect  of  these  ecological  differences, 
if  any,  on  underlying  sediment  and  fauna  are  un¬ 
known.  Little  has  been  reported  on  the  biochemical 
effect  of  the  root  systems  of  flowering  sea  grasses 
on  the  sedimentary  biotope,  and  the  ecological  rela¬ 
tionship  particularly  of  micro-  and  meiobenthos  to 
these  subterranean  plant  sys'ems  and  their  possible 
gaseous  and  fluid  secretions.  Root  hairs  and  more 
tender  rootlets  may  be  utilized  for  food  by  mandibu- 
late  burrowers ;  and  certainly  the  greater  availability 
of  decaying  organic  matter  in  the  vicinity  of  these 
plants  should  serve  to  catalyze  the  multiplication  of 
microorganisms  and  concomitantly  that  of  deposit 
feeders.  The  most  densely  populated  portions  of  the 
estuary  are  the  bottoms  of  muddy  sand  overgrown 
by  Zostera.  These  provide  shelter  for  small  benthic 
organisms,  sufficient  silts  to  allow  construction  of  per¬ 
manent  burrows,  and  ample  detritus  for  food  (Dav. 
1951). 

A  Vanishing  Estuarine  Homeostasis 

Although  variation  of  environmental  factors  in 
estuaries  is  a  permanent  feature  of  the  estuarine  com¬ 
plex  (Hedgpeth,  lS57e),  maximal  biological  and 
physical  constancy  will  prevail  in  those  geologically 
stable  estuaries  where  the  watershed  is  blanketed  by 
climax  vegetation,  the  inlet  is  fixed  structurally  and 
its  level  is  relatively  constant  with  that  of  the  sea, 
and  there  is  freedom  from  destructive  storms.  Under 
such  idyllic  circumstances,  approached  bv  Knysna 
Estuary  in  South  Africa  (Day  ct  al.,  1952),  the 
amplitude  of  seasonal  flows  of  fresh  water  from  the 
watershed  will  be  small,  gross  erosion  and  catas- 
tiophic  salinity  fluctuations  will  be  nonexistent,  maxi¬ 
mum  opportunity  for  adaptation  of  marine  organisms 
to  the  estuarine  environment  should  prevail,  and  an 
optimal  setting  for  evolution  of  the  estuarine  life 
should  be  available.  Even  though  estuaries  are  con¬ 
sidered  to  lie  geologically  ephemeral  structures,  they 
may  be  comparatively  permanent  (Hedgpeth,  1957e; 
Hunter,  1964)  in  the  sense  that  “the  aggregate  rate  of 
change  in  the  estuarine  environment  may  actually  be 
less  than  in  the  geographical  province  in  which  it 
occurs  over  the  same  period  of  time”  (Hedgpeth, 
1957e). 

Unfortunately,  undisturbed  mature  estuaries  are  be- 
-oming  increasingly  rare  as  man  mutilates  and  scars 
coastal  areas  and  dumps  a  potpourri  of  ions  and  par¬ 
ticles  into  their  basins.  It  may  be  suggested  that  pro¬ 
toplasm,  with  its  basic  property  to  respond  (  Bullock, 
1958),  may  regulate  and  continue  to  exist  even  in  the 
harsh  man-altered  estuarine  milieu:  but  even  if  this 
is  true,  many  of  the  more  stenotopic  estuarine  species 
would  be  eliminated.  There  is  consequently  an  ur¬ 
gency  to  study  estuaries  before  unenlightened  deface¬ 
ment  obliterates  them  and  Indore  it  Itecomes  ex(>edient 


to  investigate  them  primarily  as  outdoor  pollution 
laboratories. 

Recapitulation  of  Environmental  Factors 

Up  to  this  point  this  perspective  clarifies  the  exist¬ 
ence  in  estuarine  waters  and  sediments  of  certain 
physical,  chemical,  and  microbiological  structures,  ac¬ 
tions,  and  interdependencies  which  collectively  con¬ 
stitute  a  unique,  true  estuarine  environment,  and  de¬ 
scribes  something  of  the  impact  of  larger  organisms 
on  the  sediments.  The  hypothesis  also  emerges  that 
inherent  in  the  nature  of  true  estuaries  certain  factor 
complexes,  or  common  ecological  denominators,  occur 
which  are  similar  in  true  estuaries  around  the  world. 
They  are:  (1)  presence  of  well-aerated,  constantly 
moving,  relatively  shallow  water,  mostly  free  from 
wave  action  and  excessively  rapid  currents;  (2)  a 
salinity  gradient,  and  accompanying  chemical  gra¬ 
dients,  of  near  zero  to  about  32  %c;  (3)  a  range  of 
sedimentary  particle  sizes  from  colloids  to  sands  and 
detritus,  resulting  from  terrigenous  weathering,  water 
transport,  impact  of  the  estuarine  gradient,  and  other 
estuarine  processes;  and  (4)  complex  molecular  in¬ 
teractions  in  both  water  and  sediments  in  an  abun¬ 
dance  of  dissolved  and  particulate  organic  matt'  r, 
microorganisms,  and  fine  sedimentary  particles. 

DISTRIBUTION  OF  BENTHIC 
INVERTEBRATES  IN  ESTUARIES 

Estuarine  Faunal  Regions 

The  most  favorable  environment  for  life,  which 
arose  in  the  ocean,  is  provided  by  many  littoral  areas 
of  tropical  seas  where  salinity  is  subject  to  little  vari¬ 
ation,  temperature  is  nearly  constant  at  about  25°  C.. 
and  an  abundant  supply  of  nutrients  and  particulate 
food  comes  in  from  the  land.  As  a  result,  the  fauna 
there  lepresents  all  the  phyla  and  is  more  diverse  than 
elsewhere.  Unfavorable  conditions  requiring  special 
adaptations  are  relatively  few,  and  rank  growth  with 
a  high  tendency  to  variation,  combined  with  the 
severe  struggle  for  existence,  has  produced  maximum 
differentiation.  Wherever  environmental  conditions 
deviate  from  such  an  optimum  a  reduction  occurs  in 
the  diversity  of  the  fauna,  as  ‘‘under  the  stress  of 
conditions  that  urgently  demand  adaptation,  the  num¬ 
ber  of  species  diminishes”  (Hesse  ct  al.,  1951). 
Patrick’s  (1949)  studies  in  streams  where  pollutants 
decrease  the  number  of  species  and  the  remaining 
species  occur  in  great  abundance  confirm  this. 

This  concept  explains  in  broad  terms  the  smaller 
number  of  benthic  species  within  estuaries  than  in 
equivalent  depths  in  the  adjacent  shallow  sea  (Gun¬ 
ter,  1961  ,  Hedgpeth,  1957e;  Segerstraale,  1964;  Thor- 
son,  1957),  the  lesser  diversity  in  estuaries  of  higher 
latitudes  than  those  of  the  tropics  (Fischer,  1961  ; 
Hunter,  1964),  and  deeper  marine  faunal  invasion  of 
estuaries  in  the  tropics  than  in  temperate  regions 
(Annandale,  1922;  Burbanck  ct  al.,  1956).  The  fact 
that  the  number  of  individuals  in  estuaries  is  often 
great  (Hedgpeth,  1957c)  is  explained  at  least  in  part 
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by  the  reduction  in  number  of  total  species  and  thus 
a  diminution  of  the  number  of  taxa  competing  for  the 
food  supply  (Hesse  el  al.,  1951),  and  exemplifies  the 
capacity  of  some  organisms  to  adapt  to  extremes  of 
environmental  stresses  (Brown,  1957). 

Repopulation  of  benthic  taxa  in  most  estuaries  oc¬ 
curs  from  season  to  season  primarily  by  reinforce¬ 
ment  from  the  sea,  to  a  lesser  extent  from  parents  in 
the  estuary  itself,  and  least  from  fresh  water  (Day, 
1951;  Gunter,  1950,  1961;  Hedgpeth,  1957e;  Nicol, 
1935,  1960;  Pearcy,  1962;  Pearse,  1950;  Pearse  and 
Gunter,  1957;  Percival,  1929;  Rcmane,  1958;  Wells, 
1961;  Yonge,  1949a).  The  details  of  how  recruit¬ 
ment  occurs  at  the  level  of  most  individual  species 
remain  to  be  studied  (McDougall,  1943;  Wells, 
1961).  Many  studies  show  that  the  number  of  ma¬ 
rine  species  is  most  abundant  at  the  mouth  of  the 
estuary  and  decreases  and  finally  disappears  in  the 
upper  reaches  of  the  estuary,  while  the  number  of 
freshwater  species  disappear  as  the  estuary  is  de¬ 
scended  (Alexander  et  al.,  1935;  Annandale,  1922; 
Bassindale,  1938;  Day,  1951;  Hedgpeth,  1957c; 
Kinne,  1963a;  Milne,  1940a,  b;  Nicol,  1935;  Parker, 
1955;  Percival,  1929;  Remane,  1934.  1958:  Seger- 
s  aale,  1964;  Stopford,  1951).  Animals  reach  maxi¬ 
mum  size  in  the  sea,  and  species  widely  distributed  in 
the  estuary  generally  decrease  in  size  up  the  estuary 
(Kinne,  1964;  Milne,  1940b;  Remane,  1958;  Seger- 
straale,  1957),  their  complete  elimination  up  the  en¬ 
vironmental  gradient  frequently  being  preceded  by  the 
production  of  stunted  individuals  at  the  upper  extreme 
(Hesse  ct  al.,  1951).  Some  genera  in  estuaries  are 
represented  by  two  or  more  species  geographically 
distributed  in  different  regions  of  the  estuarine  gra¬ 
dient  (Hedgpeth,  1957c),  while  a  few  individual  spe¬ 
cies  may  be  found  along  the  greater  part  of  the  gra¬ 
dient  (Kinne,  1964).  For  example,  the  amphipod, 
Gammarus  locusta,  inhabits  the  region  from  the  inlet 
to  upper  reaches,  and  Gammarus  pulex  the  head  of 
the  estuarv ;  the  carid,  Palaemonetes  ivrians,  the 
middle  and  upper  reaches,  and  Palaemonetes  anlen- 
narius  the  head ;  the  gastropod,  Neritina  virginea,  the 
mouth  and  middle  reaches,  and  Xeritina  reclivata  the 
middle  reaches  and  head ;  and  the  bivalve.  Rangia 
flexuosa,  the  mouth  to  upper  reaches,  ar.l  Rangia 
cuneata  the  upper  reaches  and  head.  As  Hedgpeth 
points  out,  these  may  be  environmental  variations 
('ecotypes)  rather  than  genotypes;  and  it  will  require 
the  approach  employed  by  Kinne  (1964)  to  deter¬ 
mine  which  is  the  case. 

This  distribution  results  in  minimum  diversity  of 
species  in  the  zone  of  steepest  gradient  between  the 
marine  and  freshwater  regions,  a  moderate  increase 
of  taxa  into  fresh  water,  and  maximal  increase  into 
seawater  < Remane,  1958;  Segerstraale,  1964).  Ma¬ 
rine  organisms  occur  much  farther  up  the  estuary, 
and  conversely,  freshwater  organisms  much  nearer 
the  sea,  in  estuaries  where  tidal  amplitude  is  small 
and  the  up-estuarine  gradient  is  relatively  stable,  than 
in  estuaries  with  large  tidal  ranges  and  rapidly  chan*- 
ing  gradients  (Alexander  el  al.,  1935;  Day,  1961; 


Hedgpeth.  1957e;  Odum,  1954;  Remane,  1958;  Seger¬ 
straale,  1957).  There  also  appears  to  be  minimal 
density  of  individuals  (Hedgpeth,  1957e)  and  of  pro¬ 
ductivity  (Caspers,  1948,  1954;  Lundbeck,  1926)  in 
the  estuarine  transitional  zone  between  marine  and 
fresh  water.  A  number  of  benthic  species  with  wide 
tolerances  for  estuarine  gradients,  and  consequently 
widely  distributed  up  the  long  axis  of  the  estuary, 
has  been  studied  in  some  detail:  hydroids  (Kinne, 
1956,  1958),  green  crab  ( Broekhuysen,  1936),  gam- 
marids  (Bassindale,  1942;  Spooner,  1947),  boring 
sponge  (Hopkins,  1962),  mud  crabs  (McDermott 
and  Flower,  1952),  neritid  snails  (Russell,  1941),  and 
nereid  worms  (Smith,  1955,  1956,  1964).  Inter- 
tidally,  more  species  occur  at  the  lower  than  at  the 
upper  level  (Spooner  and  Moore,  1940) ;  and  on  the 
whole,  infauna  are  more  abundant  up  the  estuary 
than  epi fauna  (Alexander  et  al.,  1932).  Nonetheless, 
estuaries  are  productive  regions;  Sparck  (1935)  re¬ 
ported  that  maximum  densities  of  benthic  organisms 
per  square  meter  of  bottom  are  found  in  rather  shal¬ 
low  water  with  ample  water  renewal  and  surrounded 
by  a  region  of  high  precipitation  (Thorson,  1957). 

In  the  course  of  geological  time,  marine  animals 
have  repeatedly  invaded  fresh  water  and  land  through 
estuaries  and  other  routes,  and  then  reinvaded  estu¬ 
aries  and  the  sea;  colonization  probably  began  in  the 
Devonian  period,  and  may  still  continue  under  suit¬ 
able  circumstances  (Nicol,  1935,  1960;  Pearse,  1950). 
The  resulting  distribution  of  organisms  within  the 
estuary  in  time  and  space  i ,  a  product  of  the  physical, 
chemical,  and  biological  gradients  of  the  estuary  and 
the  limits  imposed  by  these  gradients  on  the  geno¬ 
typic  physiological  tolerance  and  behavior  of  the  total 
available  number  of  species  from  all  sources  (Day, 
1951;  Hedgpeth,  1957e;  Nicol,  1960;  Potts,  1954; 
Prosser,  1955;  Robertson,  1964;  Schlieper,  1958; 
Smith,  1959).  Distribution  cannot  be  based  on  a 
single  factor,  as  such  prominent  estuarine  factors  as 
salinity  variation,  current  strength,  and  degree  of 
turbidity,  when  adverse  in  the  field,  may  collectively 
impose  more  stringent  limits  co  distribution  than 
would  the  individual  factors  alone  in  laboratory  ex¬ 
periments  (Bassindale,  1943b).  Conversely,  an  ani¬ 
mal’s  tolerance  of  a  few  factors  may  be  extended 
where  most  of  the  factors  are  optimum  (Day,  1951). 

During  the  past  decade,  Day  and  his  associates 
have  investigated  the  origin  and  distribution  of  estu¬ 
arine  benthic  animals  in  South  African  estuaries  and 
provide  new  information  with  broad  applications  for 
estuaries  in  other  regions  of  the  world  (Day,  1964). 
Using  Knysna  Kstuary  (Day  el  al.,  1952)  as  a  base 
of  reference,  they  examined  benthic  fauna  in  several 
other  types  of  estuaries  and  compared  these  with  the 
fauna  of  the  open  coasts  in  the  region.  Knysna  Estu¬ 
ary  rcr-ives  a  continuous  flow  of  clear  fresh  water 
from  a  well-wooded  watershed  with  minimal  erosion, 
low  evaporation  rate,  and  sufficient  inflow  of  fresh 
water  to  maintain  a  normal  salinity  gradient  and  keep 
the  mouth  open  and  deep  throughout  the  year.  The 
result  is  a  clear  estuary  which  supports  a  rich  and 


464 


-»V#  . 


BSTUAKIES  :  ECOLOGY  AND  POPULATIONS 


varied  fauna  and  in  which  Zoslera  and  other  plants 
extend  one  to  two  meters  below  low  tide  mark. 

As  the  investigations  progressed,  it  was  recognized 
more  clearly  that  estuaries  differ  from  the  open  shores 
not  only  in  salinity  but  in  strength  of  wave  action 
and  type  of  substratum.  This  was  tested  in  two  em- 
bayments  (Day  and  Morgans,  1956;  Day,  1959,  1964) 
which  have  effectively  the  same  salinity  as  the  sea 
and  contain  many  species  common  to  neighboring 
estuaries  hut  not  to  the  open  sea.  Some  26  percent 
of  the  fauna  of  sheltered  sand  flats  and  13  percent  of 
that  of  sheltered  rocks  had  never  been  recorded  out¬ 
side  estuaries  before.  The  effects  of  wave  action  ap¬ 
peared  to  be  indirect:  silt-covered  rocks  in  the  quiet 
lagoon  lacked  half  of  the  common  species  living  on 
clean  exposed  reefs  outside  the  bay,  and  the  stable 
flats  of  fine  sandy  mud  in  the  lagoon  had  20  times 
as  rich  a  fauna  as  the  coarse  shifting  sands  of  surf 
beaches  outside.  It  was  concluded  that  distribution 
of  these  faunas  was  determined,  not  by  salinity,  but 
by  the  strength  of  wave  action. 

Analysis  of  distribution  of  the  benthos  on  rocky, 
sandy,  and  muddy  shores,  and  at  stations  in  bottom 
sediments  in  the  inlet,  lagoon,  upp'-r  reach,  and  head 
of  Knysna  Estuary  revealed  that : 

1.  Animals  extending  from  the  open  sea  into  the 
estuary  were  abundant  only  in  the  lower  parts  of  the 
estuary ;  those  adapted  to  life  at  intertidal  levels  were 
much  more  numerous  than  those  restricted  to  the 
bottom,  though  infauna  penetrated  farther  up  the  es¬ 
tuary  than  epifauna,  possibly  as  a  result  of  less  vari¬ 
ability  of  salinity  within  the  sediments. 

2.  Species  colonizing  sandy  shores  of  the  estuary 
were  not  derived  from  fauna  of  open  surf  beaches, 
but  from  sandy  pools  and  crevices  among  the  rocks. 
This  may  be  more  marked  in  South  Africa  where 
open  shores  are  more  battered  by  surf  than  the  quiet 
shores  of  the  Mediterranean. 

3.  True  estuarine  fauna,  whether  species  from 
rocky,  sandy,  or  muddy  shores  or  subtidal  sediments, 
were  never  important  at  the  mouth  of  the  estuary, 
but  formed  a  larger  and  larger  percentage  of  the 
benthos  farther  up  the  estuary  until  they  dominated 
th*  fauna  in  waters  of  low  and  variable  salinity  in 
the  upper  reaches. 

4.  Stenohaline  marine  species  dominated  the  fauna 
of  rocky  shores  anti  were  important  at  the  entrance 
where  the  mouth  is  wide  and  wave  action  fairly 
strong. 

5.  Those  euryhaline  marine  species  which  can 
tolerate  calm  water  and  reductions  in  salinity  formed 
the  most  important  element  within  the  estuary,  and 
many  of  them  never  occurred  on  exposed  seashores, 
being  found  commonly  in  sheltered  areas  or  below 
tide  mark. 

Day  (1964)  found  further  that  whereas  Knysna 
Estuary  has  a  deep  mouth  into  which  waves  (>ene- 
tratr.  in  almost  all  the  other  estuaries  the  mouth  is 
shallow  and  sandy,  ar.d  wave  action  is  eliminated  As 
a  result  there  was  no  gradual  change  from  an  ojien 
shore  fauna  to  an  estuarine  lagoonal  fauna  in  most 


estuaries,  but  a  very  abrupt  one,  and  true  marine 
species  were  very  poorly  represented  in  the  lower 
estuary.  In  heavily  silted,  extremely  turbid  embay- 
ments,  as  in  the  Umkomaas  Estuary,  the  whole  estu¬ 
ary  is  foreshortened  biologically;  stenohaline  marine 
forms  were  entirely  absent,  euryhaline  marine  forms 
were  rare,  and  even  true  estuarine  species  were  not 
abundant.  In  blind  estuaries  like  the  Hermanus  Es¬ 
tuary,  the  fauna  inside  the  mouth  and  lagoon  was 
poor  and  the  main  species  were  the  same  as  those  in 
the  middle  and  upper  reaches  and  headwaters  of  the 
Knysna  system.  In  larger,  more  saline,  blocked  estu¬ 
aries  euryhaline  marine  species  were  better  repre¬ 
sented. 

The  observations  of  Day,  his  associates,  and  many 
others  define  in  a  general  way  the  role  of  such  fac¬ 
tors  as  salinity,  turbidity,  sediments,  and  water  move¬ 
ments  in  the  distribution  of  estuarine  organisms,  and 
provide  a  fundamental  basis  for  further  observations 
and  experimentation  on  the  specific  causal  roles  of 
these  and  other  factors.  Expression  of  these  factors, 
particularly  wave  action  (Zeigler,  1964),  in  quantita¬ 
tive  units  will  be  required  before  their  impact  can  be 
examined  precisely.  Many  other  possible  factors  have 
been  listed  in  the  literature  (Milne,  1940b),  but  pre¬ 
cise  information  on  their  function  in  limiting  distribu¬ 
tion  of  estuarine  species  is  scarce.  Their  effects  will 
have  to  be  examined  experimentally,  as  distribution 
records  do  not  fix  the  carnal  relationship  between  the 
factor  and  the  organism  (Wells,  1961).  Not  only  will 
factors  in  estuaries  have  to  be  explored  in  depth, 
but  also  the  physiological  limits  of  tolerance  of  estu¬ 
arine  benthic  species  to  single  and  multiple  factors 
In  the  case  of  motile  benthos,  the  sensory  receptors 
and  behavior  patterns  affected  by  these  factors  will 
also  bear  detailed  investigation. 

Role  of  Salinity  and  Sediments  in  Distribution 
Salinity 

This  is  one  of  the  most  studied  environmental  fac¬ 
tors  in  the  estuary,  and  is  cited  as  a  major  factor  in 
limiting  distribution  of  estuarine  organisms  (Gunter. 
1961).  As  sea  water  becomes  more  dilute  up  the 
estuary  s|>ecies  drop  out  in  part,  apparently  in  the 
order  of  decreasing  ability  to  regulate  h\|>crosmoti- 
cally.  Which  mechanisms  fail,  or  what  processes  arc 
modified  as  dilutions  become  more  extreme  are  little 
known  (Schlicper,  1958),  and  vary  in  different  spe 
cies.  but  are  significant  in  determining  distribution 
I  Hunter.  1964;  Kinne,  1964  ;  N'icol,  I960;  Prosser  and 
Brown.  1961 ;  Robertson.  1964).  As  Milne  ( 1940a  i 
emphasizes,  there  are  differences  in  up-estuary  pene¬ 
tration  even  among  species  belonging  to  the  same 
genus,  and  the  problem  of  distrilmtiou  » ith  reference 
to  salinity  must  lie  approached  at  the  s|>ecies  level 
t  Kinne,  1964).  Elimination  of  taxa  with  tlecrease  in 
salinity  up  the  estuary  is  presented  graphically  for 
Ramlcrs  Fjord.  I'nth  of  Tay.  Tamar  Estuary,  ami 
Tees  Estuary  by  Alexander  el  al.  I  1935)  ;  and  Hedg 
jieth  (  195/ei  lists  the  distribution  of  geminate  pair* 
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of  species  relative  to  salinity  distribution  in  various 
estuaries  of  the  world. 

Wells  (1961),  in  a  comprehensive  study  of  the 
distribution  of  the  epifauna  of  oysters  in  the  Newport 
River,  found  that  the  303  species  investigated  de¬ 
clined  up  the  estuary  in  direct  relationship  to  reduc¬ 
tion  of  salinity.  Twenty  of  these  species  were  tested 
in  the  laboratory  for  tolerances  to  low  salinities,  and 
a  ranking  of  their  death  points  with  their  distribution 
in  the  estuary  disclosed  that  only  two  species  deviated 
widely  from  the  predicted  distribution  (see  also 
Fischer-I’iette,  1931;  Gunter,  1961;  Kinne,  1964). 
Ionic  composition  of  estuarine  water  is  not  neces¬ 
sarily  proportionate  to  that  of  sea  water  and  may 
vary  measurably  from  estuary  to  estuary  ( Baas  Beck¬ 
ing  ci  a/.,  1957,  1960;  Kinne.  1964)  and  from  season 
to  season,  so  influence  of  estuarine  salinities  on  biotic 
distribution  may  be  more  than  an  osmotic  effect.  The 
effect  of  estuarine  waters  (not  dilutions  of  sea  water) 
and  their  chemical  constituents  on  estuarine  benthos 
bears  intensive  investigation. 

Sediments 

Considerable  attention  has  also  been  given  to  the 
role  of  constituents  of  sediments  in  the  distribution 
of  infaunal  invertebrates  in  coastal  level  bottoms 
i  Beanland,  1940;  Brett,  1963;  Davis.  1925;  Holme, 
1949;  McNulty  et  al.,  1962;  Parker,  1956,  1959,  1960; 
Pratt,  1953,  1956;  Remane,  1933 ;  Sanders.  1956,  1958, 
1959,  1960;  Swan,  1952;  Thorson  1957.  1958;  Wieser, 
1959,  1960;  Williams,  1958).  The  significance  of  sedi¬ 
ments  as  a  complex  of  limiting  values  determining 
distribution  of  benthic  fauna  is  fully  recognized 
(Brett,  1963;  Sanders,  1959:  Thorson,  1957,  1958). 
Unfortunately,  few  comparative  studies  relating  the 
nature  of  bottom  sediments  to  distribution  of  benthos 
along  the  gradient  of  the  estuary  have  !>een  under¬ 
taken  (Parker,  19601.  Detailed  investigations  of  ani¬ 
mal-sediment  relationships  by  several  recent  workers 
(  Brett.  1963;  McNulty  ct  al.,  1962;  Sanders,  1956, 
195b,  I960;  Sanders  et  al..  1962)  in  what  would  cor- 
res|>ond  roughly  to  bottoms  in  the  seaward  end  of 
estuaries  form  an  im|>ortant  base  for  future  compara¬ 
tive  estuarine  studies. 

Sanders  (  1956.  1958)  showed,  in  subtidal  bottoms 
in  central  Long  Island  Sound  and  Buzzards  Bay,  that 
small  de|«>sit  feeders  ( individuals  weighing  0.2  g  dry 
weight  or  less  and  retained  on  a  0.2  mm  |>ore  screen ) 
numerically  dominated  in  mud,  and  filter  feeders 
dominated  in  sand  sediments.  In  Buzzards  Bay,  pri¬ 
mary  consumers  (herbivores  and  detritus  feeders ) 
comprised  8t)  to  99  |<ercent  by  number  of  the  benthic 
fauna,  lie  suggested  that  clay  is  the  most  valid  sedi¬ 
ment  correlate  for  the  distnliution  of  deposit-feeding 
organisms  living  on  organic  matter  in  or  on  fine¬ 
grained  sediments  (muds),  as  clays  are  much  smaller 
than  silt  particles  and  therefore  have  a  relatively 
much  larger  surface  area  to  bind  organic  matter 
which  is  protialily  a  primary  source  of  food  for  de- 
|H>sit  feeders  (  Bailer.  1  Ofs2 ;  Grim.  1953).  The  largest 
I  populations  of  benthos  were  found  in  Long  Island 


Sound  in  sediments  containing  13  to  25  percent  silt 
and  clay ;  percentage  deviation  upward  and  downward 
gave  lower  values  of  biomass.  Whereas  detritus  tends 
to  accumulate  on  muddy  sediment  and  provides  a 
further  source  of  food,  large  concentrations  of  organic 
matter  may  reduce  the  oxygen  content  within  the 
sediments  and  eventually  limit  the  profile  for  feeders 
not  tolerating  anaerobic  conditions.  Bader  (1954) 
found  that  up  to  a  concentration  of  3  percent  organic 
matter  in  sediments,  infaunal  bivalves  increased  in 
density,  but  beyond  this  level  products  of  bacterial 
decomposition  and  decline  in  available  oxygen  be¬ 
came  limiting  and  imputation  density  declined.  San¬ 
ders  concluded  ( 1958)  that  distribution  of  filter  feed¬ 
ers  in  fine  sandy  sediments  was  controlled  by  the 
hydrodynamic  processes  which  determine  the  charac¬ 
ter  of  the  sediment,  rather  than  directly  by  the  nature 
of  the  sediment  Densest  populations  were  found 
where  sediments  were  relatively  well-sorted  with  a 
median  grain  size  of  fine  sand  ranging  from  0.15  to 
0.26  mm  and  an  optimal  size  of  0.18  mm.  He  noted 
that  these  fine  particles  are  most  easily  moved  by- 
currents,  thus  their  presence  in  large  concentrations 
is  indicative  of  a  feeble,  relatively  constant  current 
over  the  bottom,  little  active  sediment  transport,  and 
a  stable  environment ;  and  that  currents  of  this  inten¬ 
sity  must  be  adequate  to  support  the  large  popula¬ 
tions  of  filter  feeders  founu  in  such  sediments.  Com¬ 
ponents  of  benthic  species  in  Buzzards  Bay  ( Sanders, 
1960)  constituted  a  continuum  varying  with  the 
gradual  change  in  sediment  composition,  but  at  a 
given  point  in  the  sediment  spectrum  the  species 
structure  of  the  association  was  similar  even  when 
the  sampling  was  done  at  various  times  of  the  year. 

Further  studies  by  Sanders  et  al.  (1962),  in  Barn¬ 
stable  Harbor,  demonstrated  that  intertidally  the  de¬ 
posit  feeder  may  be  the  dominant  feeding  type  in  both 
mud  and  stable  sand  sediments,  in  contrast  to  findings 
in  the  subtidal  regime  in  Long  Island  Sound  and  Buz¬ 
zards  Bay.  Despite  the  fact  that  sediments  at  stations 
in  Barnstable  Harlxir  consisted  almost  entirely  of  fine 
sand  w  .h  very  little  organic  matter,  most  of  the 
biomass  (78  percent)  consisted  of  animals  that  were 
primarily  deposit  feeders.  The  presence  or  absence  of 
large  populations  of  deposit  feeders  in  sandy  sedi¬ 
ments  was  correlated  with  the  stability  of  the  sedi- 

nt  surface.  In  stable  sediments  where  ripple  marks 
.ere  absent,  dense  concentralions  of  benthic  diatoms 
( Faure-Freiiiiet,  1951a)  and  dinoflagell.ites  were 
found  which  provided  the  major  food  source  for  the 
large  biomass  of  deposit  feeders.  Chlorophyll  values 
obtained  from  sediments  to  a  depth  of  1  cm  ranged 
from  147  to  770  mg  m2.  Sanders  concluded  that  the 
redimem  ihould  be  considered  an  indicator  of  food, 
and  not  a  faclor  directly  determining  the  distribution 
of  f ceiling  types. 

In  an  examination  of  some  relationships  between 
the  infauna  of  subtidal  level  bottoms  and  sediments 
in  Biscay ne  Bay.  south  Florida.  McNulty  rt  al 
(1962>.  compared  populations  in  terms  of  their  dry 
tissue  weight  (retained  on  a  1.0  mm  pore  screen). 
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and  classified  the  infauna  as  deposit,  detritus  (at  sedi¬ 
ment  surface),  and  filter  feeders.  They  found  detritus 
feeders  most  abundant  in  the  finest  sediments,  and 
suggested  that  in  such  bottoms  little  detritus  may  be 
expected  from  outside  and  that  infauna  may  subsist 
on  the  rich  algal  surface  film  present.  Deposit  and 
filter  feeders  predominated  in  intermediate  sedimen¬ 
tary  grades,  the  latter  being  most  abundant  in  sedi¬ 
ments  with  a  median  grain  size  of  0.3  to  0.4  mm, 
whether  calculated  on  a  dry  weight  or  numbers  basis. 
They  found  no  apparent  differences  in  sorting  coeffi¬ 
cient  preference  among  the  feeding  types.  Deposit 
feeders  were  most  abundant  at  a  median  grain  size  of 
about  0.25  mm,  and  the  fine  fraction  of  the  sediment 
did  not  seem  to  play  a  role  in  the  distribution  of  de¬ 
posit  feeders,  probably  because  clays  constituted  such 
a  small  percentage  of  the  fine  grains  there.  Compari¬ 
son  of  a  number  of  selected  bottom  communiries  dem¬ 
onstrated  a  close  correlation  between  body  size  of 
deposit  feeders  (but  not  detritus  and  filter  feeders) 
and  particle  size,  regardless  of  the  type  of  animal 
concerned,  there  being  an  almost  linear  increase  in 
size  of  animal  with  increasing  particle  size.  Very 
coarse  sediments  did  not  support  a  large  population 
of  any  feeding  type. 

In  an  investigation  of  the  relationships  between 
distribution  of  megabenthos  and  sediment  types  in 
Bogue  Sound,  North  Carolina,  Brett  (1963)  charac¬ 
terized  sediments  by  means  of  phi  mean  diameter, 
sorting  coefficient,  percentage  of  day-size  particles 
and  readily  oxidizable  organic  matter.  He  related 
these  to  densities  of  dry  weights  of  animals  retained 
on  a  3  mm  pore  screen.  With  an  increase  in  current 
velocity  there  was  a  generally  corresponding  in¬ 
crease  in  mean  grain  size  and  decrease  in  organic 
matter  clay,  and  coefficient  of  sorting.  As  current 
velocity  increased  there  was  a  loss  of  fine  sediments 
from  the  environment,  and  with  fewer  sediment  grades 
the  sorting  coefficient  became  smaller.  As  was  also 
shown  by  Sanders  and  McNulty,  Brett  found  that 
feeding  habits  of  animals  were  related  to  prevailing 
hydrodynamic  characteristics  of  the  environment  and 
the  resulting  sc  lituent  types :  (1)  detritus  feeders 
predominated  in  areas  of  slow  currents  with  sedi¬ 
ments  having  a  mean  diameter  less  than  0.09  mm ; 
(2)  filter  feeders  exceeded  detritus  feeders  in  all 
areas  where  the  mean  grain  size  exceeded  0.09  mm. 
the  largest  |*>pulations  being  supported  in  sediments 
of  mean  diameters  ranging  from  0.12  to  0.14  mm,  not 
necessarily  well  sorted;  and  63)  the  largest  standing 
crop  of  predators  occurred  in  high-energv  environ¬ 
ments  where  the  mean  sediment  size  surpassed  0.15 
mm  and  and  contents  of  clay  and  organic  matter  were 
generally  low — and  here  also  the  density  of  filter 
feeders  was  low  as  compared  to  bottoms  where  den¬ 
sity  of  predators  wzs  minimal.  Thus  the  sediments 
of  Bogue  Sound  which  sup|>orted  the  largest  imputa¬ 
tions  of  filter  feeders  had  mean  diameters  of  0.12 
to  0.14  mm.  somewhat  less  than  the  0. IK  mm  of  Buz¬ 
zards  Bay  ami  considerably  less  than  the  0.4  mm  of 
Biscayne  Bay.  Brett  noted  that  the  Bogue  Sound 


and  Buzzards  Bay  sediments  are  noncarbonate,  while 
those  of  Biscayne  Bay  are  carbonate.  This,  in  addi¬ 
tion  to  adaptations  occurring  in  the  evolution  of  these 
organisms  in  different  ranges  and  proportions  of 
grain  sizes,  may  explain  the  variations  in  relation  of 
infauna  to  particle  size  observed  by  Brett,  McNulty, 
and  Sanders ;  and  stresses  the  need  for  more  compara¬ 
tive  studies  of  this  nature. 

Comparison  of  results  of  investigations  in  Buzzards 
Bay,  Biscayne  Bay,  and  Bogue  Sound  emphasizes  the 
existence  of  a  rather  close  relationship  between  in¬ 
faunal  feeding  habits  and  gross  organic  content  and 
the  mechanical  nature  of  sediments;  and  these  par¬ 
tially  mirror  the  degree  of  movement  of  the  overlying 
water.  More  significantly  though,  they  suggest  the 
important  role  of  the  sediment  as  a  source  of  food. 
This  relationship  underscores  the  necessity  of  compa¬ 
rability  of  methods  for  studying  not  only  the  charac¬ 
teristics  of  the  sediments  but  the  associated  organisms 
themselves,  at  least  as  to  size  range,  number,  weight, 
behavior,  and  feeding  types.  Because  those  benthic 
animals  (generally  of  small  size)  which  are  restricted 
in  their  movements  may  most  lucidly  reflect  the  physi¬ 
cal  and  chemical  attributes  of  their  environment,  ben¬ 
thic  researchers  can  profit  materially  by  investigating 
the  smallest  organisms  practical  to  handle.  For  ex¬ 
ample,  the  minimum  size  of  benthos  retained  in  the 
Bogue  Sound  studies  was  15  times  larger  than  that 
in  Buzzards  Bay  and  three  times  larger  than  that  in 
Biscayne  Bay.  One  wonders  what  differences  in  in¬ 
terpretation  may  hav.  -esulted  had  the  smallest  size 
fraction  of  animals  been  retained  in  all  areas.  These 
studies  provide  a  stimulating  beginning  for  similar 
ones  along  the  estuarine  gradient.  They  should  in¬ 
clude  the  effect  of  the  chemical  properties  of  the 
aqueous  gradient  and  accompanying  microbiological 
activities  on  the  distribution  and  abundance  of  estu¬ 
arine  megabenthos  relative  l.o  the  mechanical  qualities 
of  the  sediments. 

The  observations  of  Brett,  McNulty,  and  Sanders 
explain  in  general  terms  tile  nature  of  the  faunally 
rich  “muddy  sand”  frequently  mentioned  in  the  litera¬ 
ture  ( Beanland,  1940;  Day,  1951 ;  Holme,  1949;  Mac- 
(iinitie,  1935;  IVrcival,  1929:  Sanders  ct  ai,  1962; 
Stopfonl,  1951;  Yongc.  1953).  In  estuaries,  these 
appear  to  he  more  or  less  “optimum”  mixtures  of 
clays,  silts,  fine  sands,  and  organic  matter  which 
supiHirt  greater  densities  of  megalienthic  populations 
than  either  clean  coarse  unstable  sands  and  gravels 
at  the  month  or  soft  slurry  muds  m  the  quiet  sheltered 
reaches  of  estuaries. 

The  role  of  sediments  in  the  distribution  of  mei- 
ofaunal  benthos  ( foraminiferans,  nematodes,  kino- 
rhynchs.  ostracods,  co|>eiM)ds.  turbellarians,  oligochae- 
tes.  halacarids,  gustrotrichs  cephalocarideans.  and 
others  very  roughly  in  the  size  range  of  100  to  500  /») 
has  uceived  much  less  examination  than  of  the  mega- 
faunal  henthos,  and  most  of  the  research  has  heen 
directed  to  marine  interstitial  metazoans  (Mare,  1942; 
Wigley  and  McIntyre.  1964).  The  recent  valuable 
pa|>er  hy  Wicser  (  1960)  reviews  earlier  studies  and 


i.  •  "MSRSSSW  .¥*•>  * 


ECOLOGY  OF  ESTUARINE  BENTHIC  INVERTEBRATES  467 


reports  on  investigations  primarily  of  nematodes  and 
kinorhynchs  in  sediments  at  three  stations  in  Buz¬ 
zards  Bay,  an  environment  grossly  similar  to  that  of 
the  lower  reaches  of  an  open  estuary.  These  two 
groups  comprised  89  to  99  percent  of  the  total  meio- 
fauna ;  dry  weight  of  the  total  meiofauna  ranged  from 
100  to  600  mg/m2  of  bottom,  and  wet  weight  from 
0.4  to  2.5  g/m2.  In  general,  sediments  rich  in  silts 
and  clays  supported  a  larger  number  of  meiofaunal 
animals  than  those  poorer  in  fine  sediments,  a  rela¬ 
tionship  displayed  by  the  deposit-feeding  component 
of  the  macrofauna.  Three  ecological  meiofaunal 
groups  were  found:  (1)  species  with  affinity  for 
sand,  (2)  species  with  affinity  for  fine  deposits,  and 
(3)  more  eurytopic  species.  Thus  the  meiofauna  at 
any  point  in  the  bay  is  determined  by  the  degree  of 
mixing  of  sediment  types,  to  which  it  is  quite  sensi¬ 
tive,  and  consists  of  a  subtle  graded  series  of  faunal 
assemblages.  Most  representatives  of  the  meiofauna 
feed  on  the  epigrowth  of  sand  grains  or  on  the  fine 
deposits,  which  further  affects  their  distribution. 
Whether  meiofaunal  sediment  relationships  change 
up  the  long  axis  of  the  estuary  is  no),  known,  but  the 
matter  provides  a  stimulating  area  for  research  pro¬ 
vided  the  associations  are  i  elated  to  organisms  identi¬ 
fied  to  species,  as  has  been  done  by  Wieser  (1960). 
A  major  drawback  in  the  investigation  of  causes  of 
distribution  in  situ  lies  in  the  difficulty  of  controlling 
environmental  factors  and  the  impossibility  of  singling 
out  the  specific  effect  of  single  and  multiple  factors. 
Because  of  their  small  size,  inordinate  abundance,  and 
apparent  hardiness,  nematodes  might  lend  themselves 
admirably  to  studies  in  the  laboratory.  Investigations 
could  include  uni-  and  multifactorial  variation  of  such 
factors  as  inert  artificial  particles  in  a  range  of  sizes 
and  angularities,  synthetic  dissolved  and  paniculate 
organic  material,  salinity,  and  temperature. 

Worldwide  Distribution  and  Speciation  of 
Estuarine  Benthic  Invertebrates 

A  striking  feature  of  estuarine  faunas  is  that  they 
resemble  each  other  in  estuaries  in  various  parts  of 
the  world  (  Burbanck  et  at.,  1956),  although  estu¬ 
aries  may  have  little  more  in  common  than  simil”' 
ranges  of  environmental  variability  (Hedgpeih,  1953). 
Species  and  genera  having  widely  cosmopolitan  repre¬ 
sentatives  are  listed  by  Redeke  (19331.  Hedgpeth 
(1953,  1957e),  and  Burbanck  ct  al.  (1956).  These 
lists  will  prolxtbly  grow  longer  as  the  systematics  of 
estuarine  taxa  is  developed  on  a  worldwide  basis. 
On  the  basis  of  Day’s  classification,  the  characteristic 
estuarine  benthic  fauna  probably  represent  primarily 
euryhaline  marine  and  true  estuarine  taxa,  both  of 
which  are  broadly  eurytopic.  Hesse  et  al.  (1951 )  note 
that  *he  common  characteristics  of  animals  living  un¬ 
der  similar  conditions,  which  are  the  more  striking 
the  more  closely  the  environmental  conditions  ap¬ 
proach  limiting  factors,  arise  from  the  requirement 
for  definite  adaptations.  These  act  “upon  the  fauna 
like  a  sieve  ol  definite  mesh,  allowing  only  more  or 
less  similar  forms  to  |»ass”.  Colonization  of  estuaries 


by  marine  benthos  has  been  taking  place  for  long 
jieriods  of  geological  time,  and  still  continues  pri¬ 
marily  in  the  tropics  (Hesse  et  al.,  1951;  Hun¬ 
ter,  1*964;  Pearse,  1950;  Segerstraale,  1964).  Kinne 
(1964)  writes  that  non-genetic  adaptations  to  salinity 
are  acquired  during  very  early  ontogeny,  tend  to  be 
more  stable  and  more  complete  than  those  acquired 
in  older  individuals,  and  may  even  be  irreversible. 
He  also  discusses  physiological  and  behavioral  dif¬ 
ferences  which  are  likely  to  represent  genetic  adapta¬ 
tions  to  life  in  lower  salinities.  Hedgpeth  (1957e) 
suggests  that  typically  estuarine  benthos  may  repre¬ 
sent  a  considerably  earlier  invasion  of  estuaries  than 
that  by  euryhaline  marine  forms.  The  wide  tolerance 
of  estuarine  organisms  undoubtedly  helps  to  explain 
their  capacity  to  establish  themselves  in  estuaries 
over  the  world,  at  least  in  similar  latitudes  (Parker, 
1964a).  As  they  may  not  be  able  to  compete  with 
marine  organisms  in  the  sea  (Korringa,  1957),  the 
advent  of  rapid  means  of  oceanic  transportation  has 
facilitated  their  dispersal,  both  accidental  and  de¬ 
liberate,  to  new  estuaries  (Elton,  1958;  Hedgpeth, 
1957e ;  Hesse  et  al.,  1951).  Another  factor  which  ap¬ 
pears  to  contribute  indirectly  to  the  universal  uni¬ 
formity  of  appearance  of  estuarine  benthos  is  their 
suggested  origin  from  similar  stocks  of  widely  dis¬ 
tributed  organisms  in  the  sea  which  may  have  been 
characterized  by  physiological  euryhalinity  to  begin 
with  (Hedgpeth,  1957e). 

Carter  (1961)  speculates  that  in  littoral  regions 
where  environments  are  locally  highly  variable,  the 
rate  of  evolution  should  be  rapid,  since  changing  con¬ 
ditions  lead  to  rapid  adaptation  if  organisms  can 
survive  physiological  alteration.  After  organisms  have 
developed  wide  environmental  tolerances,  they  would 
tend  to  continue  unchanged  (Hedgpeth,  1957e). 
Various  theoretical  aspects  of  speciation  relating  to 
coastal  areas  are  considered  by  Buzzati-Tra verso 
(1958),  Bullock  (1955),  Hutchinson  (1953),  Kohn 
(1958),  Nicol  (1935,  1960),  Prosser,  (1955),  and 
Smith  (1959).  Now  that  difficulties  of  rearing  ma¬ 
rine  larvae  in  the  laboratory  are  being  overcome 
(Costlow  and  Bookhout,  I9ol ;  Lot  >anoff  and  Davis, 
1963;  Ray,  1958),  useful  marine  animals  for  genetic 
studies  are  becoming  available  (Ray,  1958),  and  sug¬ 
gestions  of  methods  for  elucidating  some  of  the 
processes  of  speciation  and  for  distinguishing  between 
genotypic  and  phenotypic  variations  have  been  offered 
( Buzzati-Traverso,  1958;  Kohn,  1958;  Prosser,  1955), 
experimental  verification  of  the  modem  occurrence  of 
s|>eciation  and  invasion  of  estuaries  by  marine  ben¬ 
thos  from  the  shallow  seas  is  a  distinct  possibility. 

ORIGIN  OF  ESTUARINE  BENTHIC 
INVERTEBRATE  POPULATIONS 

Reimpulation  of  benthic  invertebrate  animals  in  es¬ 
tuaries  takes  place  by  means  of  free-swimming  pelagic 
larvae  arising  sexually ;  non-pelagic  larvae  arising 
sexual!  v  and  developing  in  brood  pouches,  capsules, 
and  gelatinous  masses ;  and  asexual  reproduction.  The 
(lercentage  of  invertebrate  species  in  open  level  bot- 
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tom  communities  having  pelagic  larvae  is  approxi¬ 
mately  67  percent  in  temperate  seas,  and  about  90 
in  the  tropics  (Thorson,  1957,  1958).  Similar  statis¬ 
tics  for  faunas  of  estuaries  grading  from  temperate 
to  tropical  regions  and  of  faunas  along  the  longitudi¬ 
nal  axes  of  these  estuaries  are  not  available,  but 
would  be  instructive.  With  the  exception  of  an  un¬ 
known  number  of  species  of  non-pelagic  young  which 
have  special  means  of  relatively  long-distance  dis¬ 
persal  (Carriker,  1957;  Shuster,  1951),  non-sessile 
benthic  juveniles  tend  to  remain  in  the  area  of  their 
origin,  although  how  much  tidal  currents  may  trans¬ 
port  them  passively  back  and  forth  over  the  bottom 
is  unknown.  As  in  true  stratified  estuaries  where 
flood  tidal  currents  are  stronger  near  the  bottom  than 
those  of  ebb  tide,  there  is  a  distinct  possibility  that 
some  net  up-estuary  conveyance  of  benthic  juveniles 
may  occur  unless  counteracted  behaviorally  by  use 
of  such  structures  as  byssi  and  tubes  and  by  burrow¬ 
ing  (Carriker,  1961b).  The  possibility  is  important 
and  needs  examination  because  juveniles  might  be 
carried  into  regions  of  lethal  salinities. 

Planktonic  larvae  originating  in  the  estuary,  on 
the  other  hand,  are  probably  scattered  widely  over 
the  estuary  and.  especially  in  short  shallow  estuaries, 
may  be  flushed  out  to  sea  before  metamorphosis  anc! 
settlement,  primarily  because  of  the  'overwhelming 
impact  of  estuarine  water  movements  on  them.  Study 
of  the  unique  means  by  which  larval  plankters  are 
able  to  settle  in  certain  estuaries  has  been  in  progress 
for  the  last  half  century,  and  information  on  a  few 
species  is  accumulating  ( Mya:  Ayers,  1956;  Mer¬ 
cenary:  Carriker,  1961b;  Crassostrea:  Haskin,  1964: 
Ostrca:  Korringa,  1941;  B  alarms,  Rhithropanopcus : 
Bousfield,  1955b).  The  mechanism  of  retention,  not 

t  entirely  exolained,  provides  a  remarkable  example 
of  the  capacity  of  organisms  to  adapt  to  and  utilize 
every  habitable  biotope  on  earth. 

Spawning  of  Benthic  Invertebrates 
with  Pelagic  Larvae 

As  Bousfield  (1955b;  see  also  Carriker,  1961b  I 
points  out,  the  degree  of  settlement  of  larvae  in  an 
estuary  is  a  function  of  the  initial  abundance,  rate  of 
mortality,  and  duration  of  planktonic  existence  of  the 
larvae  circulation  pattern  of  water  at  the  depths  at 
which  larvae  .won,  and  overall  si/e  and  type  of 
estuary.  Thus  environmental  phenomena  associated 
with  release  of  gametes  and  tarvae  by  benthic  sj>ccirs 
are  important  in  larval  retention. 

Although  most  of  the  factors  that  stimulate  spawn¬ 
ing  under  natural  conditions  in  the  field  are  still  ob¬ 
scure,  thermal  stimulation  is  a  major  factor  in  tem- 
|>er.itr  latitudes  (Carriker.  !‘*ilb;  Kinne.  1963b;  len¬ 
ders.  1954;  laMivanoff  and  Davis.  1963;  Thorson. 
1946hl.  Both  rising  and  falling  temperatures  play 
a  jvirt  after  a  certain  triiqicraiart  level  is  reached 
Whether  this  is  also  true  in  the  Copies  is  not  clear. 
In  the  laboratory,  I-oosanofT  and  Davis  (1963)  have 
been  able  to  induce  spawning  in  a  number  of  coastal 
spe-ies  of  bivalves  by  thermal  and  chemical  ( sperm  i 


stimuli,  independently  of  day  length,  tidal  rhythm, 
precipitation,  kinds  oi  plankton,  and  other  factors 
present  in  the  late  spring  and  early  summer  when 
gametogenesis  normally  occurs.  The  kind  and  quan¬ 
tity  of  food  appearing  in  plankton  blooms,  and  tue 
resulting  release  of  ectocrines,  may  also  be  imoor- 
tant  in  stimulating  spawning  (Lucas,  1961 ;  Thorson. 
1950). 

The  time  of  discharge  of  planktonic  sperm,  ova,  and 
larvae  into  the  water  relative  to  the  phase  of  rhythmic 
environmental  factors  is  a  first  consideration  in  terms 
of  larval  retention  in  the  estuary.  It  is  thought  that 
a  few  males  spawn  first,  releasing  a  cloud  of  sperm 
which  tidal  currents  pass  over  other  males  and  fe 
males,  stimulating  them  to  spawn  ( Galtsoff,  1964), 
thus  better  insuring  mass  fertilization  of  the  ova 
(Thorson,  1950).  Recent  studies  suggest  that,  at 
least  in  some  cases,  time  of  spawning  may  coincide 
with  the  particular  periods  of  the  tides  and  seasons, 
which  tend  to  reduce  dis|*rsal  of  larvae  seaward 
(Carriker,  1961b).  In  an  investigation  of  the  veliger 
larvae  of  Mercenaria  mer^enaria  in  a  neutral  ho¬ 
mogenously  mixed  estuary,  this  author  noted  that 
maximum  density  of  swarms  of  early  larvae  predomi¬ 
nated  during  neap  tides,  indicating  that  spawning 
occurred  primarily  during  neap  tides  rather  than  dur¬ 
ing  spring  tides.  The  cause  for  this  may  have  been 
;he  higher  temperatures  prevailing  during  neap  tides, 
periods  of  lesser  tidal  amplitude  and  exchange  with 
the  cooler  oceanic  waters,  or  possibly  periods  of 
denser  populations  of  food  organisms,  because  of 
higher  temperatures  and  less  dilution  of  the  plankton 
and  nutrients  with  sea  water.  The  observations  also 
suggested  that  spawning  was  triggered  principally  at 
or  just  after  low  tide,  coinciding  with  periods  of 
maximum  temperatures  occurring  as  a  result  of  heat 
brought  down  the  estuary  by  the  ebbing  tide.  Spawn¬ 
ing  at  this  phase  of  the  tide  is  advantageous  to  the 
larvae,  as  they  would  be  transported  up  the  estuary 
frora  the  spawning  area  rather  than  down  the  estrarv 
toward  the  mouth  resulting  in  possible  loss  at  sea. 
Whether  these  resjionses  also  occur  in  stratified  cstu- 
ai  ies  is  not  known.  A  further  interesting  coincidence 
is  that  in  teni|>erate  latitudes,  at  least,  much  of  the 
spawning  in  estuaries  occurs  in  the  summer  during 
l>cnods  of  reduced  Hushing  because  of  minimal  rain¬ 
fall  ami  river  discharge.  The  survival  value  of  this 
to  all  plankters  Nith  in  stratified  and  homogeneously 
mixed  estuaries  is  clear;  though  it  should  lie  |Kiinted 
out  that,  up  to  a  point,  increased  river  discharge  will 
accelerate  the  movement  n  the  up-estuary  bottom 
drift  and  |ielagic  larvae  remaining  below  the  halo 
clmr  (level  of  no  net  motion)  will  be  transported 
more  rapidly  up  the  estuary,  as  is  the  case  with 
Haitmus  crcnalns  m  Miramichi  Kstuary.  Conversely, 
surface  larvae  will  move  more  quickly  out  to  sea 
as  in  the  ease  oi  Balanus  balaniiidci  (  Bousfield. 
1955b  i .  Study  of  these  phenomena  in  a  series  of 
estuaries  geographically  distributed  between  the  arctic 
and  the  tropics  could  yield  much  valuable  information 
It  would  lie  particularly  instructive  to  know  whether 
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the  bulk  of  spawning  in  tropical  estuaries  occurs  dur¬ 
ing  the  dry  or  the  rainy  season,  and,  in  the  absence  of 
seasonal  thermal  fluctuations,  what  stimulus  induces 
spawning. 

Movement  anc  Distribution  of 
Kstuabine  Planktonic  Labvae 

The  activities  of  planktonic  larvae  of  estuarine 
benthic  invertebrates  have  been  studied  by  many  in¬ 
vestigators,  and  reviews  of  this  work  have  been  pro¬ 
vided  by  Bouslield  (1955b),  Carriker  (1951b,  1959, 
1961b),  Haskin  (1964),  and  Thorson  (1946b).  Nel¬ 
son  (1912)  was  the  first  to  suggest  that  estuarine 
larvae  (American  oyster)  may  control  their  horizon¬ 
tal  distribution  by  regulating  their  bathymetric  dis¬ 
tribution  relative  to  direction  of  tidal  currents.  In 
his  thorough  report  on  the  distribution  and  move¬ 
ments  of  larvae  of  barnacles  and  other  benthic  in¬ 
vertebrates  in  Miramichi  Estuary  relative  to  the  hy¬ 
drography  of  this  water  mass,  Bousfield  (  1955b) 
theorizes  that  the  mechanism  by  which  the  larvae  are 
retained  in  the  estuary  consists  of  three  main  features: 
i  1  )  a  changing  vertical  distribution  of  successive 
planktonic  stages  of  larvae;  (2)  a  non-tidal  drift  sea¬ 
wards  at  the  surface,  and  another  landwards  along  the 
liottom,  superimposed  on  tidal  oscillation;  and  (3)  a 
counter-clockwise  circulation  of  the  larvae  comp'eted 
within  the  planktonic  duration  in  the  outer  estuary. 
With  minor  modifications,  this  theory  applies  to  all 
estuarine  species  so  far  investigated,  among  which 
the  American  oyster,  Crassosirea  virginica,  has  been 
most  thoroughly  examined. 

Studies  by  Nelson  (1917),  Nelson  and  Perkins 
(193i),  Carriker  (1951b),  Manning  and  Whaley 
(  1955),  and  Haskin  (1964)  on  the  larval  biology  of 
C  .  rirginica,  primarily  an  estuarine  form,  show  clearly 
that  early  stages  tend  remain  more  or  less  uni¬ 
formly  distributed  vertically  in  the  water  column, 
and  that  as  lat  v.ie  mature  they  seek  lower  levels  of 
the  pi.  file,  ui''  an  increased  proportion  of  older 
stages  on  the  flood  over  that  on  the  ebb  tide.  In  some 
cases  (Carriker,  1951b),  large  concentrations  of  older 
stages  of  these  larvae  were  found  on  the  hoitom 
during  ebb  tide.  This  observation  supports  the  hy- 
IKithcsis  <  Nelson  and  Perkins,  1931 )  that  older  stages 
drop  on  or  close  to  the  bottom  during  the  falling 
salinities  of  ebb  tide  and  arc  stimulated  to  rise  by  the 
increasing  salinity  of  early  flood  tide,  thus  moving 
up  the  estuary  by  successive  stages,  in  some  instances 
far  beyond  the  parents.  Most  recently.  Haskin  (  1964). 
in  controlled  laboratory  experiments,  demonstrated  a 
very  close  correlation  between  salinity  change  and 
swimming  activity  of  mature  ami  eyed  oyster  larvae. 
Therefore  salinity  variations  may  play  an  important 
role  in  the  vertical  movements  of  thess  larvae  „■ 
nature,  even  in  the  absence  of  a  prominent  halorlme 
Other  information  suggests  that  in  nature  light  tends 
to  depress  vertical  distribution  during  daylight  hours 
(  llotishrld.  1955b;  Carriker.  1961b;  Hask.n,  1964 ; 
Nelson.  1916;  Kogers.  1940.  Yasuda.  1953i.  and  that 
turbulence  from  tidal  currents  and  wave  action  may 


stimulate  the  larvae  to  rise  in  the  water  column 
(Carriker,  1951b,  1961b;  Nelson  and  Perkins,  1931). 
Carriker  (1961b)  observed  that,  even  during  hours 
of  darkness  when  veligert  of  Mtrcenaria  merctnarut 
assumed  a  broader  vertical  distribution,  there  was  a 
scarcity  of  these  larvae  near  the  bottom.  The  same 
was  observed  for  veligers  of  Crastosirta  virginica. 
except  ior  an  occasional  dens:  concentration  of  ma¬ 
ture  and  eyed  larvae  near  the  bottom  (Carriker. 
1951b)  during  daylight  hours.  Whether  this  icarcity 
of  younger  stages  near  the  bottom  reflects  the  results 
of  filter-feeding  predation  by  bottom-dwelling  or¬ 
ganisms,  or  whether  the  larvae  have  evolved  be¬ 
havioral  response  that  tends  to  keep  inem  swimming 
away  from  the  bottom,  or  both,  is  not  known.  The 
significance  in  terms  of  survival  is  clear:  enemies 
are  generally  more  abundant  in  the  bottom  than  in 
the  water  column.  Most  maturing  pelagic  larvae  of 
estuarine  benthic  parents  probably  become  photo¬ 
negative,  geopositive,  and  positively  thigmotactic  as 
they  approach  metamorphosis.  Aside  from  the  work 
of  Nelson  and  Perkins  (1931)  and  Haskin  (1964). 
very  little  has  been  done  to  examine  experimentally 
the  many  |>otential  causes  for,  and  behavior  involved 
in.  the  vertical  distribution  of  pelagic  larvae  in  estu¬ 
aries  ;  this  is  a  serious  gap  in  our  knowledge  of  these 
emhayments. 

Elucidation  of  the  physical  hydrography  of  estu¬ 
aries  by  Pritchard  and  associates  was  a  major  con 
tribution  to  the  study  of  estuarine  plankton,  and  soon 
mode  clear  that  inherent  in  the  circulation  of  strati¬ 
fied  estuaries  is  the  two-Iavered  drift  transport  sys¬ 
tem  which  in  itself  can  account  for  automatic  trans 
port  up  the  estuary  of  larvae  remaining  below  the 
level  of  no  net  motion.  In  Chesapeake  Bay,  for  ex¬ 
ample  (Pritchard,  1951).  the  net  up-estuary  bottom 
drift  (0.2  to  0.4  knot)  could  transport  larvae  130 
miles  up  the  estuary  from  the  mouth  in  20  days ;  and 
Bousfield  1 1955b)  describes  a  similar  drift  of  0.128 
knot  in  Miramichi  Estuary.  Contrary  to  the  sugges¬ 
tions  of  Pritchard  (1953).  however,  that  these  larvae 
can  be  considered  theoretically  the  same  as  dissolved 
material,  and  of  Emery  and  Stevenson  (1957a)  that 
vertical  migrations  are  not  necessary  to  account  for 
their  horizontal  movements,  it  has  been  demonstrated 
beyond  a  doubt  by  many  investigators  that  these  iar 
vac  are  active  swinmiers.  and  although  they  do  not 
make  appreciable  progress  horizontally,  their  vertical 
activity  is  conspicuous.  It  is  reasvmable  to  hypothesize 
that  in  the  coursr  of  the  evolution  of  the  estuarine  in¬ 
vertebrate  form  with  planktonic  larvae,  behavioral 
mechanisms  have  evolved  which  make  use  of  the  es¬ 
tuarine  circulatory  system  for  retention  within  the 
estuary.  Accumulating  utforn>atH«i  suggests  that  this 

IS  so 

N«t  all  sjiectrs  <>f  larvae  of  benthic  invertebrates 
liehair  similarly  under  estuarine  hydrographic  con¬ 
ditions  Their  behavioT  undoubtedly  reflects  geno¬ 
typic  dilferences  ami  limit*  of  tolerance,  and  this 
affects  ihe  resulting  distrdaition  of  the  adults  In 
Miramichi  Estuary,  for  example  t  Bousfield.  1955b). 
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•doit  Halantu  baianoides  and  B.  crenaitu  arc  found 
in  the  outer  estuary,  and  B.  impravittu  is  mainly 
within  the  estuary.  The  surface  residual  drift  trans¬ 
ports  early  larval  states  of  B.  imftrovuus,  found  near 
the  surface,  to  the  mouth  of  the  estuary,  and  as  the 
larvae  develop  they  move  below  the  level  of  no  net 
motion  and  are  carried  up  the  estuary  I  >  and  be>  and 
the  oritinal  spawning  sites  by  the  landward  drift. 
This  species  differs  in  this  behavior,  then,  fr^m  the 
American  oyster  only  in  the  distribution  of  the  early 
stages,  but  the  effect  of  up-estuary  conveyance  is  tne 
same.  On  the  other  hand,  by  means  of  the  same  two- 
layfred  opposing  drift*  the  later  deep-swimming  lar¬ 
val  stages  of  H.  rrmatus  are  carried  into  the  estuary 
from  the  o*ien  water  to  the  limit  of  their  low  salinity 
tolerance ;  but  those  of  B.  b.lantndri,  all  stages  being 
near-surface  swimmers,  tend  to  be  carried  out  of  tlie 
estuary  especially  during  periods  of  warm  river  flood. 
How  the  latter  'rt  in  the  estuary  is  not  yet  known, 
tat  Thor  son  ( 1957)  notes  that  larvae  of  species  like 
this  which  settle  near  the  intertidal  rone  remain  posi¬ 
tively  phototactic  and  in  the  surface  stratum  of  water 
The  seaward  transport  n:  *he  three  species  of  bar¬ 
nacle  larvae  in  Miramichi  Kstuary  is  strongest  on  the 
right  side,  and  the  up-estuary  movement  strongest 
on  the  left  side  of  the  estuary  as  a  result  of  Coriolis 
force.  A  similar  horizontal  drift  circulation  pattern 
exists  in  Delaware  Bay  (  Nelson.  1947).  resulting  in 
heavier  sets  of  oysters  on  the  left  than  on  the  right 
side  of  the  estuary. 

Bous  field  ( 1955b)  suggests  that  active  avoidance 
of  low  salinities  by  estuanre  and  euryhalmc  marine 
planktonic  larvae  probably  takrs  place  only  near  lethal 
limits  of  salinity,  lie  describes  concentrations  of 
cyprid  larvae  of  Haiti* uj  imfrmtsus  found  near  the 
bead  »i  the  estuary  within  the  landward  drift  and 
under  the  fresh  to  brackish  seaward  drift,  son.e  40 
miles  Iron;  tlie  mouth  of  the  Miranuchi  Kstuary  dur¬ 
ing  an  exceptionally  dry  summer  ami  only  30  miles 
above  it  during  a  rainy  summer.  Nelson  arid  I’erktns 
i  1931  i  observed  in  Hamegat  Bay  that,  in  tlie  pres¬ 
ence  of  more  or  less  sharp  halot-Iim-s.  the  maximum 
numlier  of  immature  larvae  of  gastrofxsls.  and  the 
pelevypoiU.  t  riujiiz/Fvj.  3/yo.  Mfritmarut.  Mytilas. 
ami  /  credo,  terwlrd  to  concentrate  in  the  close  vicinity 
of  the  discontinuity  laser,  while  ovstcr  larvae  gen¬ 
erally  remained  above  it  Carnker  i!!*51hi  later  ob¬ 
served  a  similar  resjsmse  on  the  part  of  oyster  lar¬ 
vae  in  tlie  same  estuary  Nrtsoo  further  rejiorted  that 
mature  larvae  <•!  '•/ vw  occurred  lieiow  the  haloclme 
ami  near  five  Untnii  .  this  suggests  that  like  the  ma 
ture  stages  of  tlie  larvae  of  t  nryim,  j.  those  of  3/vj 
arena- ki  may  also  rm.ani  in  the  landward  drift  and 
lir  trans|mrted  up  the  estuary.  DisttitatKei  of  adult 
My\ i  in  estuaries  supfiofts  this  ivle-a  The  crowding 
of  uiimaluie  larvae  in  live  vicinity  oi  the  sharp  dn- 
ennti  uity  layer  between  the  surface  and  bottom  d.  .(tt 
suggrsfv  minimal  net  up-  or  down  estuary  movement, 
ami  may  aid  their  retention  in  the  estuarv  In  the 
presence  of  more  gradual  vertical  gradients  of  salinity, 
immature  stages  of  t  virgtmtfa  are  more  uniformly 


distributed,  and  ip-estuary  migration  is  left  to  the 
mature  stages  in  the  bottom  stratum.  On  the  basis  of 
bis  experiments.  Haakin  (1964)  suggested  thn*  con¬ 
tinuous  up-estuary  transport  of  mature  st.i  ,  of  ( 
virginica  in  the  landward  drift  to  the  upper  eml  of 
the  estuary,  where  progressively  diluted  sea  water 
crosses  upward  through  the  discontinuity  layer  to  lie 
entrained  in  tlie  surface  seaward  drift,  results  in  a 
"larval  trap”;  larvae  are  carried  passively  to  this 
point,  tat  are  blocked  from  further  trans|iort  by  mini¬ 
mal  salinity  limits.  He  notes  that  heavy  s|»atfall* 
around  the  mouths  of  tributaries  of  estuaries  may  be 
partly  due  to  such  entrapment,  Houshrlds  discovery 
of  similar  concentrations  of  cvpial  larvae  contributes 
further  support  for  the  idea. 

To  what  degree  all  planktonic  larvae  of  estuarine 
benthic  invertebrates  respond  to  the  non-tidal  drift 
circulation  of  estuaries  is  not  known,  though  limited 
available  information  suggests  that  the  response  may¬ 
be  widespread  l  Smith,  1961 1,  and  even  rx:nids  t<> 
entirely  pelagic  estuarine  species  ( Hultart.  1957 1 
Unfortunately  studies  of  tlie  larvae  of  .l/rrivmirna 
msrctiuna  (Carnker,  1961b)  and  3/yo  armaria 
(Ayers,  1956)  were  conductetl  in  estuarirs  lacking 
noticeable  non-titlal  drifts,  so  that  information  on  the 
response  of  tliese  s|iectes  to  vertical  stratification  is 
not  available.  tat  distribution  of  adults  indicates  at 
least  some  response  Much  more  information  is 
rteedf!  ro>  the  response  of  the  larvae  of  freshwater, 
true  estuarine,  curyhalme  marine,  and  marine  species 
of  estuaries,  not  only  to  vertical  salinity  stratification, 
but  to  that  of  turbulence,  light,  turbidity,  pressure 
(Thorson,  1957;  llaskin.  1  ‘*r»4  » .  and  lesser  known 
factors,  in  the  entire  range  of  types  of  estuaries.  Such 
studies  could  well  he  conducted  with  profit  in  the 
laboratory  and  held  modeU  of  estuaries  As  Jfous 
held  l  |955h>  ha>  discovered  for  three  sjiecicv  of 
barnacles,  it  nuv  lie  that  larvae  of  other  benthic 
sjiecies  along  tlie  grailn-nt  of  the  estuary  nuv  piorw 
different  behavioral  resjionsrs  in  keeping  with  their 
positions  relative  to  tlie  grad. nit ;  and  tlut  these  re 
s|««ses  may  also  dilfer  in  estuaries  >wank  d*e 
tropics.  For  rxamjdr.  larvae  of  ulignhaltnc  species 
romnumly  in  tlie  brackish  surface  drift,  might  cani« 
liecueue  mtramrsl  there  ansi  killesl  t.-s  increasing  sa 
Unities  encounteresl  down  tlie  estuary .  unless  they 
could  move  ilownward  into  ami  tolerate  the  higher 
salinities  just  below  the  zone  of  no  net  motion  and 
arrordinglv  rule  lurk  up  the  rstuarv  Ir.  more  or  less 
Immogennwisly  mixed  estuaries  they  must  be  flushed 
inlo  letlva!  salinities. 

Biologists  investigating  the  abundance  of  pelagic 
larval  bn-ds  in  ciaitjl  waters  have  beer,  impresses! 
by  the  wnlr  roJigr  of  numlwr  orx|  densitv  of  brmxls 
mcixn.trm!  irom  year  to  year  and  from  one  embay 

mrit  to  anotiM-T  » Carrikei  i9r,lb.  C*«e.  1957.  lasoj 
notl  ct  at.  19J5.  Thors,*)  |957  WiUem.  |9sH  > 

\\  hellser  this  results  initial!*  from  variation  :n  avail 
abdttv  m  ur-spawned  gametes,  fluctuations  in  tb» 
•juantity  of  spawning  as  determined  by  ctiv  iriamver.la! 
factors,  loss  ot  larvae  to  preda:>~  v  1 1  arnker.  19rdb 
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ThorsonT  1946b),  failure  to  encounter  appropriate 
substrate  for  metamorphosis  and  settlement  (Wilson, 
1952),  or  loss  to  the  sea  is  not  known.  All  of  these 
are  undoubtedly  important  at  one  time  or  another, 
and  may  differ  from  embayment  to  embayment.  Ac¬ 
cumulating  information,  however,  indicates  that  ex* 
elusive  of  the  rates  of  non-tidal  residual  drifts  and 
thus  of  stream  discharge,  variations  in  the  rate  of 
tidal  exchange  alone  may,  in  certain  cases,  be  more 
critical  than  all  other  factors  in  relation  to  retention 
(Ketchum,  1954).  In  Barnstable  Harbor,  for  ex¬ 
ample,  where  exchange  in  each  tidal  excursion  may 
amount  to  90  percent  and  residual  drifts  are  negli¬ 
gible,  Mya  arenaria  is  unable  to  maintain  itself  with¬ 
out  larval  recruitment  from  Cape  Coil  Bay  (Ketchum, 
1954;  Ayers,  1956);  and  similarly  in  Honte  Pond,  a 
small  shallow  estuary  with  an  exchange  rate  varying 
front  22  to  75  percent,  recruitment  of  Crassoslrca 
virginica  and  Mcrccnaria  mcrccnaria  is  obtained  al¬ 
most  entirely  from  Gardiners  Bay  (Carriker,  1959). 
In  l  ittle  Egg  Harbor,  where  the  exchange  rate  varies 
from  20  to  47  percent,  a  curious  eddy  circulation  and 
the  spawning  behavior  of  Mcrccnaria  mcrccnaria 
insure  a  high  retention  rate  when  veligers  coincide 
with  periods  of  little  or  no  rainfall  and  medium  to 
low  tidal  amplitudes  (Carriker.  1961b).  At  these 
times,  survival  rates  of  veligers  from  the  straight- 
hinged  to  the  setting  stage  approximated  2.6  percent. 
During  periods  of  heavy  rainfall  and  high  spring  tidal 
exchanges,  however,  the  occasional  large  swarms  of 
young  larvae  disappear  from  the  water  before  settle¬ 
ment.  An  exchange  rate  of  15  percent  in  Miramichi 
Estuary  (Bousfield,  1955b)  in  addition  to  the  residual 
drifts,  is  apparently  adequate  to  insure  settlement  of 
barnacles  there.  Very  low  exchange  rates,  such  as  the 
4  j>ercent  of  the  Oosterschelde  (Korringa,  1941,  1952) 
greatly  minimize  losses  of  larvae  of  Oslrca  edulis  by 
exchange.  Rate  of  dispersal  of  larval  plankters  at 
sea  by  exchange  is  difficult  to  calculate  because  of 
variable  mixing  of  water  moving  out  of  the  inlet  on 
the  ebb  tide  with  longshore  or  offshore  currents. 
Ayers  (1956)  calculated  for  Barnstable  Harbor  the 
theoretical  size  of  larval  populations  of  Mya  arenaria 
which  would  survive  and  remain  in  the  estuary  under 
various  flushing  and  mortality  rates. 

As  short  duration  of  the  pelagic  phase  of  the  life 
cycle  appears  to  have  value  in  retaining  more  or  less 
immobile  estuarine  benthic  species  within  the  estuary, 
it  would  be  desirable  to  discover  whether  these  spe¬ 
cies  have  shorter  planktonic  stages  than  littoral  ma¬ 
rine  species.  A  limited  survey  of  the  duration  of 
l>elagic  stages  suggests  this,  but  a  broader  study  must 
be  made  before  conclusions  can  be  reached.  Of  the 
19  species  of  larvae  of  benthic  bivalves  reared  in 
the  laboratory  by  Loosanoff  and  Davis  (1963),  for 
example,  16  species  which  are  primarily  trt|e  estuarine 
or  eurvhaline  marine  have  larval  stages  ranging  in 
duration  minimally  from  one  to  two  weeks  (see  also 
Carriker,  1961b),  whereas  the  remaining  three  genera 
which  are  more  typically  marine  (Spisula,  Area, 
Teredo )  begin  to  metamorphose  after  about  three 


weeks.  Balatius  imfrovisus  (Bousfield,  1955b)  and 
B.  amphitritc  (Costlow  and  Bookhout,  1958)  which 
also  inhabit  estuaries,  began  to  settle  after  about  one 
to  two  and  a  half  weeks  (Thorson,  1957).  On  the 
other  hand,  the  typically  marine  outer  beach  sand 
crab,  Emerita,  is  said  to  take  four  to  five  months 
(Johnson,  1939).  It  would  be  interesting  to  know  the 
duration  of  the  pelagic  phase  of  its  close  neighbor,  the 
beach  clam,  Doitax.  In  the  case  of  the  widely  ranging 
motile  epibenthic  forms  like  the  crab,  Callinectcs, 
which  moves  actively  about  as  an  adult,  remaining 
within  the  estuary  is  not  difficult  and  its  long  pelagic 
phases  of  five  to  six  weeks  (Costlow  and  Bookhout, 
1959)  may  have  added  dispersal  value.  This  discus¬ 
sion  raises  the  question  of  whether  there  may  not 
exist  ecological  races  of  estuarine  benthic  species  with 
a  longer  pelagic  phase  in  long  stable  estuaries  like  the 
Miramichi  (Bousfield,  1955a)  than  in  shorter  less 
stable  ones  like  Great  Bay  (Carriker,  1951b) ;  and 
whether  larvae  of  tropic,  temperate,  and  arctic  estu¬ 
arine  species  have  planktonic  periods  of  similar  or 
dissimilar  duration  (Thorson,  1957). 

It  is  a  fair  assumption  that  larvae  originating  from 
true  benthic  parents  in  middle  and  upper  reaches  of 
the  estuary  are  retained  to  settle  in  greater  numbers 
than  those  spawned  from  euryhalinc  marine  stocks 
farther  down  the  estuary.  Thus  a  natural  selection  for 
behavioral  patterns  which  promote  retention  may  be 
taking  place  among  the  euryhaline  marine  species,  and 
probably  gave  rise  in  the  beginning  to  true  estuarine 
species  with  planktonic  larvae.  It  is  further  possible 
to  conjecture  that  the  larvae  of  true  estuarine  species 
have  retained  a  widely  eurvhaline  (or  better,  eury- 
topic)  tolerance  to  the  extremes  of  the  estuarine  en¬ 
vironmental  gradients,  perhaps  more  so  than  adults, 
and  thus  ]  can  tolerate  transport  into  neritic  waters 
and  up  and  down  the  coast  to  adjacent  estuaries.  If 
true,  this  would  help  explain  the  similarity  of  true 
estuarine  species  in  different  estuaries.  The  studies 
of  Loosanoff  and  Davis  (1963),  Bousfield  (1955b), 
Costlow  and  Bookhout  (1961),  and  Carriker  (1951b) 
indicate,  a  wide  euryhalinity  of  the  larvae  of  certain 
estuarine  species.  Kinne  (1964)  reports  that  salinity 
tolerance  in  many  species  is  narrowest  during  very 
early  ontogeny,  then  increases  in  young  stages,  and 
finally  decreases  again  in  the  senile  adult.  On  the 
other  hand,  larvae  of  at  least  some  species  from  dif¬ 
ferent  salinity  regimens,  like  Nereis  divcrsicolor 
(Smith,  1964),  bear  an  apparently  adaptive  relation¬ 
ship  to  the  prevailing  salinity  of  the  habitat.  Thorson 
(1946b)  writes  that  most  species  of  planktonic  lar¬ 
vae  in  coastal  waters  are  restricted  to  specific  hori¬ 
zontal  strata.  This  suggests  that  true  estuarine  spe¬ 
cies  may 'have  been  derived  primarily  from  those 
open-water  marine  species  whose  larvae  are  charac¬ 
teristic  of  the  surface  rather  than  the  deep  layers  of 
continental  shelf  waters. 

Settlement  of  Estuarine  Planktonic  Larvae 

Planktonic  larvae  of  many  species  of  benthic  coastal 
invertebrates  explore  the  bottom  to  which  they  are 
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exposed  when  ready  to  metamorphose.  If  they  find  it 
attractive  they  will  settle  there ;  if  not,  metamorphosis 
is  delayed  for  an  extended  time  and  the  alternation  of 
bottom  searching  and  swimming  continues,  probably 
greatly  enhancing  the  possibility  that  a  suitable  sub¬ 
stratum  is  encountered  (de  Blok  et  al.  1959;  Lynch, 
1959;  Scheltema,  1961;  Thorson,  1957.  1958;  Wilson, 
1952,  1958).  To  what  extent  the  observed  behavior 
of  alternation  of  crawling  and  swimming  is  an  indi¬ 
cation  of  searching  has  not  been  tested  experimentally, 
though  circumstantial  information  suggests  that  this 
is  so.  In  estuaries  where  ready-to-set  larvae  may  be 
transported  by  both  tidal  currents  ->nd  landward  drifts, 
the  opportunity  for  settling  in  appropriate  substrates 
should  be  considerable,  the  nature  of  each  estuary  and 
its  tidal  and  drift  circulation  dictating  the  magnitude. 
In  spite  of  the  number  of  estuarine  pelagic  larvae 
wh'ch  have  been  reared  in  the  laboratory,  there  is 
little  information  on  how  long  metamorphosis  may  be 
postponed,  and  the  range  of  duration  of  larval  life 
given  in  the  literature  (Loosanoff  and  Davis,  1963) 
tor  each  species  may  in  part  reflect  a  variation  in 
delay  of  metamorphosis  under  the  conditions  of  cul¬ 
ture.  The  chemical  nature  of  estuarine  waters  (Lynch, 
1959),  exclusive  of  attractive  properties  from  the 
sediments  or  benthos,  may  also  exert  a  delaying  or 
an  accelerating  effect  on  metamorphosis.  The  point 
is  worth  pursuing.  As  Wilson  (1952)  points  out,  it 
has  been  easier  to  establish  the  facts  that  metamor¬ 
phosis  can  be  delayed  and  that  larvae  can  choose  their 
substratum  than  to  determine  the  actual  qualities  of 
the  substratum  to  which  they  react.  In  general,  par¬ 
ticle  size  of  the  sediment,  quality  (and  possibly  quan¬ 
tity)  of  organic  matter,  and  species  and  activity  of 
microorganisms  may  all  be  important  factors  in  at¬ 
tracting  or  repelling,  and  different  species  may  meta¬ 
morphose  in  response  to  different  factors  or  combina¬ 
tions  of  factors.  It  has  been  suggested  that  searching 
larvae  discover  suitable  substrata  only  by  actual  con¬ 
tact  (Thorson.  1957).  This  may  be  true  for  some 
species,  but  Scheltema  (1961)  demonstrated  experi¬ 
mentally  that  metamorphosis-inducing  properties  of 
the  substratum  for  Xassarius  obsolclus  are  probably 
water  soluble  and  may  be  transferred  to  the  adjacent 
water.  Consequently,  sensitive  chemo-reeeption  may 
be  involved,  and,  because  this  snail  is  primarily  a 
deposit  feeder,  selection  of  a  favorable  substratum 
would  have  survival  value.  To  what  extent  a  distance 
response  to  properties  of  sedimentary  substrates  oc¬ 
curs  among  pelagic  larvae  of  most  estuarine  deposit 
feeders  remains  to  be  investigated,  but  it  may  be 
more  widespread  than  Thorson  (1957)  believes,  es¬ 
pecially  in  estuaries  where  organic  matter  is  such  a 
conspicuous  component  of  sediments  and  where  micro¬ 
biological  activity  and  release  of  organic  sub.tanccs 
is  correspondingly  high.  Whether  estuarine  infauna 
emit  intraspecific  ectocrines  which  mediate  preferen¬ 
tial  settlement  of  larvae  of  the  same  species  in  the 
close  vicinity  of  adults,  much  as  gregarious  settle¬ 
ment  of  certain  epi faunal  invertebrates  is  induced  by 
a  substance  secreted  into  the  water  bv  individuals  al¬ 


ready  settled  (Knight-Jones  and  Stephenson,  1950: 
Knight-Jones  and  Moyse,  1961),  is  still  to  be  deter 
mined.  Little  is  known  of  the  capacity  of  widely  scat¬ 
tered  juvenile  bottom  states  of  true  estuarine  benthic 
species  to  migrate  and  aggregate  in  the  area  populated 
by  adults,  as  is  done  by  such  euryhaline  marine  spe¬ 
cies  as  Mytilus  cdulis  (Newell,  1964).  Finally,  it  is 
possible  that  stimuli  other  than  chemical  signals  may 
cue  ready -to-set  pelagic  larvae  to  accumula'e  in  spe¬ 
cific  bottom  areas.  Carriker  (1961b),  for  example,  ob¬ 
served  that  pediveligers  (“swimming-crawling  stage") 
of  Mcrcenaria  mcrcenaria  seem  to  be  stimulated  to 
set  below  water  masses  exhibiting  steep  gradient  or 
turbulence  (Bowden,  1964)  ;  and  Turner  (1953)  sug¬ 
gested  that  distribution  of  certain  species  of  juvenile 
bivalves  may  be  influenced  by  the  same  hydrographic 
features  that  affect  the  zonation  and  sorting  of  the 
particles  of  the  substratum. 

These  tacts  imply,  as  Thorson  (1957)  has  noted 
for  level  bottom  communities,  that  recruitment  for 
estuarine  benthic  communities  is  something  of  a 
selective  process — just  how  much,  only  further  study 
can  tell  us. 

Thorson  (1957)  discusses  in  detail  the  balance  be¬ 
tween  predators  and  newly  settled  benthic  young  in 
level  bottom  communities  of  the  shelf  and  how  species 
of  new  recruits  are  able  to  survive  in  the  face  of 
interspecific  and  imraspecific  competition.  Insofar  as 
benthic  predators,  similar  to  those  on  the  shelf,  are 
involved  in  the  high-salinity  regions  of  the  inlets  of 
estuaries  (sea  stars,  brittle  stars,  gastropods,  crabs, 
and  fish  i  Thorson’s  observations  may  well  apply 
there,  too.  As  the  composition  of  the  benthic  fauna 
changes  up  the  estuary  with  decreasing  salinity,  how¬ 
ever,  certain  predators  are  eliminated  (Hutchinson, 
1953).  It  was  this  which  led  Korringn  (1957)  to 
state  that  it  is  not  the  low  salinities  of  the  estuary 
as  such  which  bring  advantages  to  estuarine  fauna, 
but  the  biological  richness  of  estuarine  waters  and 
the  escape  from  many  parasites  and  predators.  In  this 
regard.  Astcrios  forbesi  (Loosanoff,  1945;  Loosanoff 
ct  al ,  1955)  and  L'rosalpinx  cincrea  (Carriker,  1955a, 
1957),  both  serious  predators  especially  of  molluscs, 
and  highly  predacious  as  early  juveniles,  are  not  able 
to  migrate  up  the  estuary  much  beyond  an  approxi¬ 
mate  salinity  zone  of  15  rAc-  This  may  account,  in 
part,  for  the  extraordinary  densities  of  Crassoslrea 
Virginia i  and  Mya  arenaria  occurring  in  the  upper 
reaches  of  Chesapeake  Bay.  On  the  other  hand,  other 
predators,  highly  tolerant  of  low  salinities  (for  ex¬ 
ample:  I’lcuronectcs,  Hartley,  1947;  xanthid  mud 
crabs  and  (  all  incites,  Carriker,  1959,  1961b;  Car- 
cinidcs,  Broekhuysen,  1956;  and  Liiuulus,  Shuster, 
1950),  even  as  early  juveniles  begin  preying  on  very 
young  benthic  fauna.  Though  a  reduced  number  of 
species  of  predators  may  exist  in  estuaries,  the  num¬ 
ber  of  individuals  may  be  astronomic  (as  is  Callincc- 
tes  in  Chesapeake  Bay  where  it  supports  a  major 
crab  fishery;  and  the  major  oyster  pest,  Urosalpinx, 
on  oyster  beds).  Thus,  mechanisms  must  exist,  per¬ 
haps  similar  to  those  Thorson  (1957)  speaks  of, 
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which  permit  estuarine  prey  populations  to  survive, 
often  in  large  densities.  A  partial  explanation  may 
he  the  fact  that  settling  infauna  soon  burrow  into  the 
sediment  (Carriker,  1961b)  and  thus  achieve  protec¬ 
tion.  This  does  not  explain,  though,  the  vulnerability 
of  newly  settled  forms  which  temporarily  rest  super¬ 
ficially  in  the  sediment,  where  they  are  subject  to 
the  depredations  not  only  of  wandering  juvenile 
predators  but  of  detritus-feeding  grazers  like  Nas- 
sarius  obsolctus,  which  probably  inadvertently  ingest 
them  with  detritus  (Scheltenia,  1961).  Epi  faunal 
forms  like  oysters  achieve  a  measure  of  protection  as 
their  valves  increase  in  thickness,  but  newly  set  popu¬ 
lations  of  spat  may  be  decimated  by  dense  populations 
of  newly  emerged  crawl-away  stages  of  oyster  drills 
and  newly  metamorphosed  crabs  which  appear  more 
or  less  concurrently.  The  presence  of  alternative  prey 
species  may  provide  something  of  a  buffer,  but  little 
is  known  of  this  in  the  invertebrates.  An  apparent 
difficulty  in  oyster  culture  is  that  shellfishermen  culti¬ 
vate  essentially  a  unispecies  bivalve  crop,  quite  un¬ 
buffered  from  predators  by  other  prey  species.  Fi¬ 
nally,  Buzzati-T raverso’s  (1958)  point  that  substances 
having  antibiotic  activity  (as  for  example,  in  macro¬ 
scopic  algae  which  lack  extensive  growth  of  epiphytes 
due  perhaps  to  production  of  antibiotics,  Ferguson 
Wood,  1962)  may  be  responsible  for  survival  of  very 
delicate  early  stages  is  worth  keeping  in  mind.  There 
is  unquestionably  a  dearth  of  information  in  this  area 
of  estuarine  biology,  and  the  important  contributions 
of  Thorson  and  his  colleagues  in  this  field  suggest 
avenues  for  further  research. 

THE  ESTUARINE  BENTHIC  BIOCENOSE 

Reality  of  tiie  Estuarine  Benthic  Biocenosf. 

Estuaries,  although  enduring  biotopes,  are  regions 
of  distinct  ecotonal  gradients,  and  the  question  logi¬ 
cally  arises  whether,  in  the  transitional  environment 
of  the  estuary,  and  in  the  absence  of  catastrophic  en¬ 
vironmental  changes,  there  does  indeed  exist  an  over¬ 
all  estuarine  benthic  biocenose,  a  discrete  functional 
aggregation  of  interdependent,  regularly  recurring, 
reproducing  dominant,  benthic  population  strongly 
represented  numerically.  The  concept  of  the  benthic 
biocenose  is  broadly  accepted,  though  whether  as  a 
biotic  reality  or  as  a  useful  statistical  unit,  and  to 
what  degree  intrinsically  regulated,  is  still  widely  de¬ 
bated  (Barnard  and  Jones,  1960;  Bodenheimer,  1958; 
Dexter,  1947:  Ehrlich  and  Holm,  1962;  Engelmann, 
1961;  (iislen,  1944,  Hairston,  1959;  Hedg))eth,  1953, 
1957b;  Jones,  1950;  Longhurst,  1964;  MaeFulyen, 
1957;  McIntosh,  1963;  Muller,  1958;  I'eres,  196'; 
Thorson,  1957).  This  is  a  matter  which  may  i.o, 
resolved  until  much  more  is  known  of  the  .  ological 
life  histories  of  constituent  popuhti  ns  and  their  col- 
lecti  -e  nutritional,  reprodu  ti.e,  competitive,  a  id  co¬ 
operative  interactions,  and  there  is  more  information 
on  Lucas’s  (1961)  important  suggestion  that  the  ap¬ 
peal  .nice  of  integration  of  interdependencies  of  or¬ 


ganisms  in  biocenoses  may  be  mediated  in  part  by  ex¬ 
ternal  metabolites.  There  is  a  crippling  shortage  of 
comprehensive  monographs  on  the  biology  of  indi¬ 
vidual  species,  such  as  the  excellent  Liverpool  Marine 
Biology  Committee  Memoirs  (see  Dakin,  1909,  on 
I'cctoi,  for  example),  which  unfortunately  were  dis¬ 
continued  many  years  ago;  and  Galtsoff’s  (1964)  fine 
treatment  of  the  American  oyster.  The  benthic 
biocenose  will  be  better  understood  only  as  its  con¬ 
stituent  taxa  become  better  known. 

It  has  already  been  indicated  in  this  perspective 
that  the  estuarine  biotope  is  not  just  a  simple  over¬ 
lapping  of  factors  extending  from  the  sea  and  the 
land,  but  is  characterized  by  a  unique  set  of  its  own 
factors  arising  within  the  estuary  from  the  materials 
and  forces  contributed  by  its  bounding  environments. 
This  has  made  possible  the  evolution  of  a  benthic 
biota  which  included  the  unique  true  estuarine,  and 
peripherally  the  euryhaline  marine  and  freshwater 
components.  Thus  the  potential  does  appear  to  exist 
for  a  distinct  estuarine  biocenose  in  the  middle  reaches 
of  at  least  larger  gradient-type  estuaries.  Where  the 
landward  and  seaward  boundaries  of  this  biocenose 
might  occur  and  the  extent  of  their  diffuseness  are 
not  known,  but  are  probably  functional  characteristics 
of  different  estuaries.  These  boundaries  in  themselves 
could  constitute  ecotones  between  the  estuarine  bi¬ 
ocenose  and  the  freshwater  and  marine  biocenoses. 

Dominant  macroscopic  benthic  estuarine  organisms 
such  as  Spartina  alternifiora,  Zostera  marina,  Ruppia 
maritime,  Cymodocea  manatorium,  Rhizophora  man¬ 
gle,  Aviccnnia  nitida,  Nereis  diversicolor,  Balanus 
improvisus,  xanthid  mud  crabs,  Uca  pugnax,  Calli- 
ncctcs  snpidus,  Mya  arenaria,  Mytilus  edulis,  Modi¬ 
olus  demissus,  and  Crassostrea  virginica  are  well 
known,  as  is  their  heterogeneous  distribution  in  es¬ 
tuaries  (Dexter,  1947).  Tidal  marshes  (Chapman. 
1961),  mangrove  swamps  (Dansereau,  1947,  1957). 
eel  grass  mats,  oyster  reefs  (Grave,  1905),  mvtilid 
beds  (White,  1937),  and  soft  clam-clam  worm  flats 
(Dexter,  1947)  exemplify  the  dominancy  of  these 
species  and  their  patterned  distribution.  As  con¬ 
spicuous  as  are  these  macroscopic  organisms  as  indi¬ 
cators  of  estuarine  conditions,  it  is  certain,  as  shown 
by  Sanders  (1956,  19t>0)  and  bv  Wieser  (1960),  that 
meiobenthos  and  small  megabonthos  will  provide  a 
more  workable  correlation  of  numbers  of  individuals 
and  species  and  biomass  to  the  estuarine  environment. 
Furthermore,  the  structure  of  invertebrates  makes 
possible  deduction  from  the  animals  themselves  of 
certain  characteristics  of  the  sedimentary  environ¬ 
ment  which  are  difficult  to  assess  hv  means  of  physi¬ 
ographic  procedures  alone  (Wieser,  1958).  In  estu¬ 
aries,  the  oscillating  gradient  of  water-borne  factors 
is  sujierimposed  on  that  of  the  pattern  of  the  sedi¬ 
ments,  and  the  degree  of  exchange  of  ambient  water 
wall  interstitial  water  varies  with  the  nature  of  the 
sediment  and  degree  of  exposure  at  low  tides.  Little 
.s  Miown  of  the  sum  of  these  effects  on  community 
stiucturc,  but  they  do  emphasize  the  need  to  consider 
benthic  organisms  in  the  context  of  the  total  ecosvs- 
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tem  rather  than  as  an  independent  benthic  biocenose 
(seealsf  Hedgpeth,  1957b). 

There  is  a  clear  need  for  broad,  intensive,  estuary¬ 
wide  investigations  to  determine  more  about  the 
higher  biological  levels  of  organization  in  the  estuary 
and  whether  the  estuarine  community  does,  in  fact, 
exist  as  a  discrete  functional  biocenose,  or  is  only  a 
purely  statistical  conception  ( Bodenheimer,  1958). 
The  matter  is  important  not  only  as  an  ecological 
principle,  but  as  a  theoretical  basis  for  continuing 
estuarine  studies.  D, -tailed  quantitative  plotting  of 
distribution  and  density  of  benthic  species,  including 
small  sizes,  with  reference  to  gradients  of  sediments 
and  other  operationally  significant  factors,  at  different 
seasons  of  the  year,  over  a  period  of  years,  although 
a  herculean  undertaking,  should  provide  a  fundamen¬ 
tal  beginning  (see  Barnard  and  Jones,  I960,  for  meth¬ 
ods  in  large  scale  censuses',  and  MacFadyen,  1957: 
Fager,  1957,  1963;  and  Sanders,  1960.  for  methods  on 
statistical  analyses  of  recurrent  species  groups  and 
faunal  similarity).  Another  step,  though  decidedly 
more  difficult  and  probably  requiring  some  new  con¬ 
ceptual  and  experimental  methods,  would  be  multi¬ 
factorial  studies  under  controlled  environmental  labo¬ 
ratory  or  field  model  conditions,  employing  a  series  of 
increasingly  complex  biotic  organizations  culminating 
in  model  biocenoses.  Because  of  the  ecotonal  charac¬ 
teristics  of  estuaries,  and  the  complexity  and  number 
of  factors  involved,  data  collected  in  these  studies 
would  be  more  manageable  if  stored  and  analyzed 
by  means  of  computers.  Especially  bothersome  to  the 
concept  of  the  biocenose  is  the  often  diffuse  nature  of 
its  geographical  boundaries;  this  should  receive  so¬ 
cial  attention.  Research  planned  on  this  scale  and 
depth  might  well  contribute  new  insights  on  inter¬ 
actions  of  benthic  biota  and  environment,  and  specifi¬ 
cally  on  limiting  effects  of  multiple  factors  at  both 
extremes  of  the  estuarine  system  through  the  rhyth¬ 
mic  change  of  the  seasons.  Re|>etition  of  the  censuses 
in  arctic  and  in  tropic  estuaries  would  enhance  their 
worth. 

Coll ESIVEN ESS  AND  FUNCTIONING  OF  THE 
Kstuarinf.  Benthic  Biocenose 

Assuming  that  the  estuarine  biocenose  is  a  reality 
within  non-eatastrophic  environmental  conditions,  it 
is  necessary  to  demonstrate  the  mechanisms  by  which 
its  overall  discreteness  and  integration  are  per|>etu- 
ated.  Unquestionably,  inherent  tactic  and  kinetic  be¬ 
havior  of  estuarine  organisms  as  related  to  iood- 
getting,  mating  and  reproduction,  space  and  surlaces. 
and  in  some  cases  shelter-seeking,  and  physiological 
adaptation  to,  as  well  as  dcjiendcnce  on  or  repulsion 
by,  certain  as|>ects  of  the  physicochemical  habitat,  may 
all  lie  significant  at  one  time  or  another  in  the  eco¬ 
logical  life  history  of  romjxinrnt  species  I  Fraetikcl 
and  (iunn,  1961  :  Klopfer,  1962).  Some  of  this  has 
already  been  indicated  in  this  perspective.  Funda¬ 
mental  to  the  aspect  of  behavior  dqvndcnt  upon 
chemical  signals,  though  mostly  unsubstantiated,  is 
the  potential  role  of  exocrines  in  mediating  symbiotic 


interrelationships  and  other  community  integrations 
(Blake,  I960;  Buzzati-Traverso,  1958;  Carrikcr, 
1951a,  1957;  Crisp  and  Meadows,  1962;  Dales,  1957; 
Davenport,  1955;  Johnston.  1955;  Kolin,  1961  ;  Lucas, 
1947,  1949,  1955,  1961  ;  Yonge,  1°57).  Berrie  and 
Visser  (1963)  demonstrated  the  productiveness  of 
such  studies  when  taken  to  the  molecular  level.  There 
is  little  doubt  that  in  the  final  analysis  we  should 
look  primarily  to  chemical  rather  than  to  physical 
explanations  for  biocenosic  unity.  The  autecological 
life  history  of  at  least  the  dominant  faunas  is  also 
important  (Cole,  1954),  in  that  different  develop¬ 
mental  stages  express  various  requirements  and  ex¬ 
hibit  distinct  behaviors.  Thus  the  compiexion  of 
biocenosic  structure,  organization,  and  function  will 
vary  seasonally,  giving  rise  to  overall  community 
periodicities  (  Alice  cl  al ,  1949).  Especially  critical 
are  early  stages  which  are  generally  the  most  mot  le. 
in  contrast  to  mature  individuals  of  some  species 
such  as  the  oyster,  which  become  fixed  in  position 
and  cannot  migrate  even  in  the  face  of  lethal  environ¬ 
mental  changes  ((iaitsoff,  1964;  Crave,  1905;  Yer- 
wey.  1952).  The  following  are  suggested  as  some 
fruitful  beginning  lines  of  research  in  the  quest  for 
information  on  integrative  conditions  in  the  estuarine 
benthic  biocenose: 

1.  Explore  sources  and  methods  of  use  of  repre¬ 
sentative  types  of  nutriment,  including  dissolved 
and  particulate  organic  matter  and  whole  organ¬ 
isms,  by  representative  ontogenetic  stages  of  both 
autotrophic  and  heterotrophic  populations  in  terms 
of  the  possible  contribution  of  nutriment  procure¬ 
ment  to  the  unity  of  the  biocenose.  There  appears 
to  be  little  value  in  determining  only  total  organic 
carbon  available,  as  different  species  and  different 
life  history  stages  may  consume  quite  different  mo¬ 
lecular.  aggregat  e,  and  urgar.’rmic  fractions  It 
has  lieen  indicated  that  organic  coatings  on  sedi¬ 
mentary  grains  consumed  by  deposit  feeders  may 
lie  important  sources  of  food  (Fox  cl  al.,  1948: 
Fox,  1950;  Wilson,  1958),  that  zoning  of  burrow¬ 
ing  s|iecies  may  Ik-  related  to  microscopic  benthic 
organisms  as  well  as  to  their  capacity  to  utilize 
sediment  fractions  of  various  magnitudes  i  Mc- 
Xultv  cl  al..  1962;  Sanders,  1956;  Wilson,  1958; 
Wieser.  195«.  I960:  ZoBell  and  Feltham,  1942). 
and  that  the  microlienthos  are  a  significant  |Kirtion 
of  the  diet  of  many  benthic  invertebrates  (  Bclser. 
1958:  Kolm,  1964;  Mare.  l'M2;  Ferguson  Wood. 
1953;  ZoBell.  1946a:  ZoBell  and  Fdiham,  1942; 
Zhukova,  1963).  Ample,  p-olmbly  stable,  reserves 
of  dissolved  organic  mattci  and  detritus  arc  avail¬ 
able  in  estuaries  and  these  are  now  thought  to  form 
a  flexible  system  of  reversible  reactions  with  plank¬ 
ton,  so  that  a  relatively  uniform  source  of  suste¬ 
nance  may  be  available  to  the  benthos  i  Kilev. 
1963).  Consequently,  from  at  least  a  nutritional 
aspect,  estuarine  s|>ecies  have  had  a  highly  favor¬ 
able  advantage  in  evolution  toward  establishment 
of  a  steady  state  of  t*xa  able  to  fulfill  the  trophic 
functions  of  the  estuarine  biocenose  on  a  continu- 
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ing  basis  (  Dunbar,  1  960;  Riley,  1963).  Incorpo¬ 
ration  of  radioisotopes  in  nutrients  and  food  or¬ 
ganisms  would  facilitate  quantitative  tracing  of  nu¬ 
tritional  relationships  and  interdependencies  (see 
for  example,  Mauchline  and  Templeton,  1964  ;  Odum 
and  Kucnzler,  1963).  More  of  this  should  be  done. 
Following  the  nutritional  relationships  may  also  he 
fruitful  (Odum  and  Odum,  1959;  Slobodkin,  1902). 

2.  Investigate  positive  and  negative  intra-  and 
interspecies  interactions  of  representative  stages  in 
the  life  cycle  of  lienthic  invertebrates  with  special 
reference  to  possible  cohesive  and  dispersive  activi¬ 
ties  involved  in  food-getting,  the  sum  of  which  may 
contribute  to  overall  cohesion  of  the  biocenose.  A 
sizeable  descriptive  literature  is  accumulating  in 
this  field  (Blake,  1960;  Bulloct:,  1953;  Carriker, 
1957;  Crisp  and  Meadows,  1962;  Dales,  1957; 
Davenport.  1955;  Johnson,  1952;  Kohn,  1961; 
Thorson,  1957;  van  Dongen,  1956;  Yonge,  1957). 
In  addition,  however,  to  the  important  descriptive 
investigations,  it  is  critical  that  such  researches  be 
approached  experimentally  with  a  view  to  elucidat¬ 
ing  molecular-behavioral  mechanisms  (  Blake,  1960; 
Bullock,  1953:  Johnson,  1952;  van  Dongen,  1956) 
which  in  the  sutn  may  be  integrative.  Very  little 
has  been  done  at  the  molecular  level. 

3.  Consider  the  function  of  populational  repro¬ 
duction  and  behavior  of  early  larval  stages  as  a 
source  of  organic  integrity.  In  estuaries  this  is 
especially  important  in  benthic  species  with  pelagic 
larvae,  and  has  already  been  discussed  in  this  per¬ 
spective.  Certainly,  larvae  which  tend  to  seek  and 
to  settle  on  or  close  to  specific  types  of  ancestral 
Ixittoms  (Thorson,  195 7),  or  to  specific  species 
(  Knight-Jones  and  Moyse,  1961),  or  to  aggregate 
after  settlement  (Verwey,  1952)  may  he  perpetuat¬ 
ing  extant  biocenosic  structure  and  function.  To 
what  extent  crawl  away  juveniles,  already  within 
the  biocenose,  bear  a  part  in  this  can  only  be  con¬ 
jectured.  Shelter-seeking  and  maintenance  may 
also  supixirt  biocenosic  cohesion,  and  bears  ex¬ 
ploration,  but  it  may  be  troublesome,  especially 
among  infauna,  to  determine  to  what  degree  this 
aggregative  behavior  represents  response  to  grav¬ 
ity,  contact,  particle  size,  light,  and  chemical  clues 
i  of  ail  kinds )  in  the  sediment,  and  if  the  summa¬ 
tion  of  such  res|K»ii>es  is  contribution  to  the  dis¬ 
creteness  of  the  estu  trine  biocenose. 

In  theory,  according  to  Klton  (  1927 1.  nearly  all 
animals  tend  during  the  course  of  evolution  to  liecoine 
more  or  less  sjiccialized  for  life  in  a  narrow  range  of 
environmental  conditions,  and  thereto  :..„re  efficient. 
The  more  stable,  efficient  species  tend  to  replace  anti 
to  outlast  the  less  stable  ones  (  MacArthur.  1955). 
As  is  particularly  true  in  estuaries,  a  rather  high 
constant  |>crc<ntngc  of  genera  occur  with  only  one 
sjKxies.  there  being  a  strong  tendency  for  s(iecies  of 
genus  to  lie  districted  as  ecotv|ies  in  different 
habitats  (  Fin*',  I94r>t  An  ificret««  in  the  number  of 
links  in  the  fond  web  of  a  community  confers  aug- 
ni'-ntcd  stability  to  the  community  ( MacArthur. 


1955).  a  constancy  defined  by  K'ton  (i958)  as  eco¬ 
logical  resistance  to  invaders  and  to  explosions  in 
native  populations.  Thus  conservation  of  ecological 
variety  insures  biotic  stability  of  the  biocenose  (lil- 
ton.  1958;  Hutchinson,  1959).  Simultaneously,  rela¬ 
tive  uniformity  of  optimal  physical  conditions  will 
support  a  wider  range  of  species  than  environments 
approaching  limiting  conditions  (  Hesse  ct  o/.,  1951 ). 

From  these  and  earlier  observations  in  this  per¬ 
spective  it  follows  ttiat  most  estuarine  species  are 
stable  and  efficient ;  that  the  estuarine  biocenose  is 
characterized  by  less  diversity  than  those  in  the  ad¬ 
jacent  neritic  littoral  and  sublittoral,  resulting  in  the 
aperiodic  occurrence  of  unusually  heavy  sets  of  estu¬ 
arine  benthic  invertebrates :  but  that  enough  ecological 
stability  appears  to  exist  in  the  estuarine  biocenose, 
in  spite  of  the  stresses  of  the  physical  environment,  to 
maintain  a  relatively  constant  continuing  complexion 
of  estuarine  species.  A  test  of  the  substance  of  these 
considerations  awaits  long-range  experimental  inves¬ 
tigations,  in  controlled  estuaries,  in  the  field,  and  in 
field  models  of  estuaries. 

Kcoi.ogicai.  Succession  in  tiif. 

Kstuarine  Benthic  Biocenose 

Given  a  relatively  constant  estuarine  hioiupe,  2 .at 
is,  one  where  factors  riuctuatc  about  an  average,  and 
exclusive  of  seasonal  changes  and  alterations  im¬ 
posed  by  varying  catastrophic  physiographic  condi¬ 
tions,  do  benthic  communities  along  the  course  of  the 
estuary  undergo  predictable  biotically  induced  succes¬ 
sion  as  characterized  by  taxonomic  change?  Under 
such  conditions  do  these  communities  reach  maturity 
( climax)  in  which  taxonomic  stability  is  manifest? 
These  questions  have  no  simple  answer  because  of  the 
multi  factorial  intricacy  and  oscillatory  nature  of  estu¬ 
arine  systems  and  frequent  catastrophic  interruptions, 
hut  deserve  serious  research  in  light  of  the  conse¬ 
quences  of  such  principles,  if  they  operate,  on  the 
structure  and  function  of  the  total  estuarine  ben¬ 
thic  biocenose  and  its  possible  management  hv  man 
(Hardy.  1958). 

That  irreversible  biotic  changes  and  not  simply 
|K>pulat;ona!  fluctuations  (Coe.  1957)  occur  in  coastal 
epifaunai  communities  is  evident  (Cole  and  Knight- 
Jones,  1949;  Hewatt.  1935.  1937 ;  Redfield  and  Decvy, 
1952;  Rush.  1961  ;  Zolicll  and  Allen,  1935),  suggest¬ 
ing  short  ecological  successions.  The  usual  excessive 
siltation  in  estuaries,  however,  complicates  and  tends 
to  obscure  epifaunai  formations  except  in  the  case  of 
such  associations  as  tidal  marshes,  mangroves,  and 
mussel  and  oyster  reefs  where  much  longer-range 
successions  occur.  Although  questioned  bv  Miller  and 
Kgler  ( 1950),  it  seems  that  at  a  constant  sea  level 
and  continuing  sheltered  physiographic  conditions, 
tidal  marshes  constitute  a  series  of  stages  in  the  sere 
leading  to  a  terrestrial  climax.  Mangroves  ( Danse - 
rcau.  1947)  and  oyster  reefs  (Galtsoff.  1964;  Grave, 
1905;  Hrdgpeth.  1957c).  if  primarily  biotic  rather 
than  physiographic  changes  can  continue  to  operate, 
are  thought  to  culminate  in  land  communities.  Mussel 
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associations,  although  appearing  to  pass  through  short 
serai  stages,  are  much  shorter  lived. 

Occurrence  of  succession  in  infaunal  associations  is 
more  debatable.  Reish  (1961),  basing  his  observa¬ 
tions  on  a  study  of  sediments  in  a  freshly  excavated 
small  boat  harbor,  re  orts  that  it  did  not  take  place 
there.  Conversely,  Thorson  (  1957)  noted  that  a  well- 
established  population  of  ciean  sand-dwelling  S  pistil  a 
will  increase  the  quantity  of  silt  on  the  bottom  by 
accumulation  of  feces  and  will  be  able  to  tolerate  this; 
hut  searching,  less  tolerant  Spisula  pediveligers  may 
not  settle  there.  Thus  the  liottom  is  made  more  attrac¬ 
tive  by  the  present  suspension-feeding  residents  to 
young  of  deposit  feeders,  and  a  step  in  the  succession 
will  have  taken  place.  In  view  of  the  remarkable 
abundance  am!  activity  of  microorganisms,  meiofauna. 
and  small  ntegatauna,  especially  ir  the  finer-grained 
sediments  of  coastal  waters,  the  degree  of  vertical 
working  and  reworking  of  sediments  that  takes  place 
there,  and  the  probable  resulting  complexity  of  the 
molecular  sedimentary  environment,  it  is  hard  to  be¬ 
lieve  that  succession  may  not  be  found  there. 

In  the  field,  the  problem  of  succession  and  climax 
may  lie  approached  by  studying  representative  com¬ 
munities  down  the  axis  of  a  relatively  small,  carefully 
homeostatic  estuary  ’t.iated  in  a  *or«»«ted 
area,  surrounded  by  high  ground,  aid  protected  by 
sturdy  man-made  Hood  gates  at  both  head  and  mouth. 
In  this  manner  excessive  fresh  Hood  waters  and  high 
storm  tides  could  lie  controlled  and  a  normal  repre¬ 
sentative  estuarine  gradient  eonld  he  maintained.  Ex¬ 
cess  fresh  water  could  bypass  the  estuary  through  a 
special  lateral  conduit.  In  these  circumstances  sedi¬ 
mentation  would  be  minimal  because  of  the  forested 
estuarine  watershed.  By  commencing  with  sterile 
hard  surfaces  and  introduced  blocks  of  sediment 
planted  down  the  axis  of  the  estuary,  preliminary 
observations  on  sere  formation  could  be  undertaken. 
Subsequently,  by  manipulation  of  the  gates  the  aque¬ 
ous  gradient  of  the  estuary  could  he  varied  experi¬ 
mentally,  and  this  effect  noted  on  succession.  Even¬ 
tually  as  a  control,  the  water  in  the  whole  estuary 
could  first  be  made  uniformly  saline,  and  subsequently, 
uniformly  fresh  water,  and  succession  followed.  Field 
investigations  should  !>c  complemented  by  laboratory 
studies  in  models,  described  earlier  in  this  perspec¬ 
tive.  in  which  environmental  factors  would  be  closely 
and  quantitatively  controlled.  Perhaps  by  the  time 
such  investigations  are  tea  i bit',  substantial  progress 
will  have  been  made  in  the  development  of  in  situ 
environmental  factor-  and  organism-monitoring  in¬ 
struments,  and  therefore  many  of  the  suggested  in 
vesdgations  could  Ik1  facilitated  by  the  use  of  such 
instrumentation. 

SUMMARY  AND  CONCLUSIONS 

Estuarine  sediments  and  waters  are  characterized 
bv  s|x-cific  and  complex  physical,  chemical,  and  micro¬ 
biological  pnqiertics.  interactions,  and  interdependen¬ 
cies  which  collectively  constitute  a  unique  estuarine 


environment  for  herith>c  invertebrates.  Meio-  and 
tnegnhenthos  in  turn  modify  these  properties. 

The  hypothesis  is  advanced  that  true  estuaries  are 
distinguished  by  certain  ecological  factor  complexes 
which  are  present  and  similar  in  true  estuaries  around 
the  world:  I  1  )  presence  of  well-aerated,  constantly 
moving,  relatively  shallow  water,  relatively  free  from 
wave  action  and  excessively  r,  .id  currents;  (2)  a 
salinity  gradient,  and  accompanying  chemical  gradi 
cuts,  of  near  zero  to  about  32  "i,  \  (3)  a  range  of 
sedimentary  particle  sizes  from  colloids  to  sands  and 
detritus,  resulting  from  terrigenous  weathering,  water 
transport,  effect  of  estuarine  gradient,  and  other  estu¬ 
arine  processes;  (4)  intricate  molecular  interactions 
in  both  sediments  and  water  in  an  abundance  of  dis¬ 
solved  and  particulate  organic  matter,  microorgan¬ 
isms,  and  fine  sedimentary  particles. 

It  is  suggested  that  the  estuarine  biotope  is  thus 
not  a  simp>’  overlapping  of  factors  extended  from 
the  »ca  and  the  land,  but  a  unique  set  of  its  owr 
factors  arising  within  the  middle  reaches,  especially  of 
larger  gradient  estuaries,  from  materials  and  forces 
contributed  by  its  bounding  environments.  This  bi¬ 
otope  lias  provided  the  environment  for  evolution  of 
the  true  estuarine,  and  peripherally  the  euryhaline 
marine  and  oligobaline.  benthic  biota;  the  potential 
for  a  distinct  estuarine  biocenosc  appears  to  exist  in 
the  resulting  organization  of  benthic  populations  in 
the  middle  reaches  of  at  least  larger  estuaries. 

The  estuarine  biocenosc  is  characterized  by  less 
diversity  than  those  in  the  neritic  littoral  and  sub- 
littoral,  and  this  seems  to  result  in  the  occurrence  of 
aperiodic  unusually  heavy  sets  of  estuarine  benthic 
invertebrates.  Enough  ecological  stability  seems  to 
exist  in  the  estuarine  biocenose.  however,  and  in  spite 
of  stresses  of  the  physical  environment,  to  maintain 
a  relatively  constant  continuing  overall  complexion 
of  estuarine  species. 

A  test  of  the  substance  of  these  considerations 
awaits  long-range  descriptive  and  experimental  inter¬ 
disciplinary  investigations  in  estuarine  models  and 
in  the  field,  drawing  or.  the  methods  and  points  of 
view  of  both  the  physical  and  chemical  sciences. 

Author's  Note:  My  genuine  appreciation  is  expressed 
to  the  staff  of  the  Systcmatics-Ecology  Program,  whose 
help,  ciiticisms,  and  suggestions  b-  e  greatly  facilitated 
preparation  of  the  manuscript  am  ’deled  to  its  complete¬ 
ness. 
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Generally  recognized  parameters  that  contribute  to 
biological  zonation  include  turbidity,  penetration  of 
light,  exposure  to  air,  temperature,  salinity,  and  sedi¬ 
ment  type.  Although  not  commonly  recognized,  the 
discharge  of  fresh  groundwater  through  the  littoral 
bottom  sediments  of  a  bay  or  shallow  sea  may  also 
produce  a  biological  zonation.  The  overriding  func¬ 
tion  appears  to  be  that  of  dilution  of  the  interstitial 
water  and  nearshore  sea  water.  Zonation  should  exist 
along  any  shoreline  where  a  fresh  groundwater  resei 
voir  is  hydraulically  connected  to  a  saltwater  bod. 
through  permeable  bottom  sediments.  The  purpose  of 
this  paper  is  to  illustrate  the  hydrological  factors  lead¬ 
ing  to  the  zonation  and  to  demonstrate  the  resulting 
gradation  of  flora  and  fauna  at  one  site  near  Miami, 
Florida. 

The  interior  of  the  Florida  peninsula  from  Lake 
Okeechobee  southward  to  Florida  Bay  is  a  vast  fresh¬ 
water  swamp  comprising  the  Everglades  (“the  river 
of  grass”)  and  Big  Cypress  Swamp  (Fig.  1).  The 
Atlantic  Coastal  Ridge  (altitude  8  to  20  feet  above 
mean  sea  level)  consists  of  oolitic  limestone  in  the 
k,  ni  area.  Numerous  broad  sloughs  (altitude  5  to 
8  ieei,  cut  through  the  coastal  ridge.  Prior  to  the 
construction  of  drainage  canals,  the  water  level  in  the 
Everglades  was  high  enough  to  cause  discharge 
through  these  overflow  channels  to  Biscayne  Bay  by 
poorly  channelized  sheet  flow.  In  1890  Alexander 
Agassiz  commented,  “To  the  damming  up  of  the 
waters  in  the  Everglades,  and  to  the  sudden  outbursts 
of  gigantic  masses  of  water  charged  with  organic 
matter  and  lime,  we  may  trace  the  immense  destruc¬ 
tion  of  fishes  which  so  frequently  occurs  on  the  shores 
of  the  Florida  keys  [  sic )  and  the  waters  surrounding 
them."  i  Shaler.  1890 ). 

In  addition  to  the  direct  surface  nn'oiT,  numerous 
freshwater  springs  occurred  along  the  shore  of  Bis¬ 
cayne  Bay  ( Parker  et  al.,  1955).  Small  springs, 
recognized  by  the  birefringent  mixing  action  of  the 
waters,  aie  re|>orted  by  local  residents  to  have  existed 
as  far  as  three-quarters  of  a  mile  seaward  from  the 
shoreline  in  the  Cutler  area.  Near  shore,  freshwater 
springs  welled  up  through  the  bottom  of  Biscayne 
Bay  as  large  boils ;  one  such  (Hitable  spring  just  north 
of  the  study  site  is  marked  by  the  words  “fresh  water" 
on  Const  and  Geodetic  Survey  Navigation  Chart 
No.  IWi.  published  in  18%.  The  early  mariners  and 
sixingcrs  customarily  lowered  kegs  to  the  spring  ori¬ 
fice  to  obtain  fresh  drinking  water. 


Starting  in  1907  and  continuing  to  the  present, 
drainage  canals  were  constructed  westward  from  the 
coast  through  the  Miami  area  into  the  Everglades  to 
reclaim  low-lying  land  for  urban  and  agricultural  use 
(Fig.  2).  These  canals  lowered  the  water  table  about 
six  feet  in  the  Everglades.  As  a  result  of  the  reduc¬ 
tion  in  freshwater  head,  many  springs  ceased  flowing 
and  these  same  orifices  now  serve  as  avenues  by  which 
salt  water  intrudes  into  the  Biscayne  aquifer.  Near 
shore,  however,  some  of  the  springs  still  exist,  but 
their  flows  are  greatly  reduced.  It  is  the  intent  of  this 
paper  to  present  evidence  of  a  biological  zonation 
related  to  the  present,  remnant  conditions  of  ground¬ 
water  discharge. 

GEOLOGICAL  AND  HYDROLOGICAL 
CHARACTERISTICS 

The  locale  of  the  study  is  the  Cutler  area  shown 
in  Figure  2.  A  mangrove  swamp  occupies  a  zone 


big.  1.  Map  of  soutlx-ru  Florida  showing  physiographic 
divisions. 
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Fig.  2.  Map  of  eastern  Dade  County  showing  location 
of  the  Cutler  area. 


about  200  feet  wide  between  the  pine-  and  deciduous- 
covered  limestone  of  the  coastal  ridge  to  the  west  and 
the  high  tide  mark  to  the  east.  Distance  measure¬ 
ments  are  referred  to  the  high  tide  mark,  which  ap¬ 
proximately  coincides  with  mean  high-water  altitude. 
At  low  tide,  the  tidal  flat  is  uncovered  200  to  300  feet 
seaward  from  the  high  tide  mark  (Fig.  3).  The  bay 
bottom  slojies  gently  to  a  depth  of  about  ten  feet  be¬ 
low  ms!  ( mean  sea  level  i  at  a  distance  of  three  miles 
from  shore. 

The  Biscayne  Aquifer 

The  Biscayne  aquifer  consists  of  highly  permeable 
solution -riddled  limestone  and  calcareous  sandstone. 
It  is  a  water-table  aquifer  and  extends  from  land  sur¬ 
face  to  an  average  depth  of  100  feet  below  mean  sea 
level  where  it  is  underlain  by  marl  and  clay.  The 
marl  and  clay  are  of  low  permeability  and  effectively 


isolate  the  aquifer  troni  deeper  circulation  of  ground- 
water.  Rainfall  infiltrates  into  the  aquifer  so  rapidly 
that  direct  runoff  is  practically  unknown  except  dur¬ 
ing  flood  times  when  the  water  table  rises  above  land 
surface  in  low  areas. 

The  Zone  of  Diffusion 

A  cross  section  of  the  zone  of  diffusion  in  the  Cut¬ 
ler  area  is  shown  in  Figure  4.  The  chloride  content 
in  the  zone  of  diffusion  grades  from  16  ppm  (parts 
per  million)  (fresh  water)  to  about  19,000  ppm  (sea 
water).  The  isochlors  are  based  on  water  samples 
from  individual  fully  cased  wells  whose  termini  are 
represented  by  the  black  dots  in  the  cross  section. 
The  blunt-nosed  shape  of  the  zone  of  diffusion  is 
characteristic  in  the  Miami  area  and  results  from  the 
boundary  requirement  that  no  movement  of  salt  can 
take  place  across  the  impermeable  base  of  the  aquifer ; 
the  salt  moves  horizontally  landward  from  points  of 
high  concentration  to  points  of  low  concentration  and 
the  individual  isochlors  approach  the  base  of  the 
aquifer  perpendicularly. 

Under  low-head  conditions,  the  sea  water  flows  in 
a  cycle,  inland  from  the  floor  of  the  sea  into  the  deep 
part  of  the  aquifer,  becoming  progressively  diluted 
with  fresh  water,  thence  upward  across  a  line  along 
which  there  is  no  horizontal  component  of  flow,  and 
seaward  again  as  diluted  salt  water  through  the  up¬ 
per  part  of  the  aquifer  (Kohout,  1960a).  This  cyclic 
flow  pattern  is  shown  in  Figure  5  (Kohout,  1960b  1 
and  is  similar  in  certain  respects  to  the  circulation  of 
water  in  the  Chesapeake  Bay  Estuary  as  demonstrated 
by  Pritchard  (1951). 

Discharge  of  Fresh  Water 

A  comparison  of  Figures  4  and  5  shows  that  as 
the  fresh  groundwater  in  the  upper  part  of  the  aquifer 
moves  seaward,  it  gradually  becomes  more  salty,  i.e., 
the  isochlor  lines  of  less  than  1,000  ppm  swing  up¬ 
ward  and  cross  the  flow  lines.  This  is  a  consequence 
of  the  integration  of  salt  into  the  seaward-flowing 
fresh  water  by  dispersion  and  cyclic  flow  of  salt 
water.  The  groundwater  discharge  at  the  shoreline, 
thus,  is  not  completely  fresh,  but  contains  1,000  to 
2,000  ppm  chloride. 

Visual  evidence  of  the  discharge  of  groundwater 
through  the  Ixittom  of  the  bay  is  provided  by  the 
photographs  of  a  flowing  well  installed  offshore  in 
the  Cutler  area  (  see  location  of  well  C>  934  in  Figures 
11  and  12).  The  photograph  of  F’igure  6  was  taken 
just  after  the  casing  which  had  been  driven  through 
the  floor  of  the  hay  had  been  remover!  along  with  its 
contained  rnrk  core.  At  that  time  the  well  was  de¬ 
veloping  itself  by  natural  flow,  causing  the  lime  stain 
in  the  hay  water.  In  Figure  7.  the  casing  has  been 
reinserted  in  the  upett  bole  and  positioned  just  above 
the  water  surface  of  the  hay.  The  picture  shows  that 
groundwater  in  the  zone  of  diffusion,  ten  feet  below 
sea  level,  is  under  sufficient  head  to  rise  above  hay 
level  and  therefore  to  flow  through  the  aquifer  and 
discharge  through  the  bottom  sediments  of  the  hay. 
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Fig.  3.  Photograph  showing  groundwater  seepage  through  the  bay  bottom  of  the  Cutler  area  at  low  twlr 


The  chloride  content  of  the  well  water  at  the  time 
of  the  photograph  was  10.700  ppm.  Subsequent  ob¬ 
servations  in  1958  showed  that  the  chloride  content 
of  water  in  well  G  934  ranged  as  low  as  3.800  ppm : 
the  same  chloride  content  was  obtained  in  a  sample 
collected  in  February.  I9M  i  Fig.  13 1. 

The  up|terniost  flow  tubes  of  Figure  4  contain  rela¬ 
tively  fresh  water  which  discharges  near  the  shore¬ 
line  ;  the  lower  and  most  seaward  flow  tubes  i  above 
the  zero-horizontal  gradient  line)  contain  the  saltiest 
water  which  discharges  farther  fvoni  the  shore.  The 
importance  of  this  to  a  biological  study  is  that  certain 
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plants  ami  animals  will  zone  themselves  in  res|mnse 
to  the  salinity  of  the  upward  |iercolating  groundwater. 

Frequently  the  presence  of  discharging  ground- 
water  can  be  recognized  by  visual  ms|>ection  of  the 
e\|H>sed  bottom  at  low  tide.  For  example,  the  latches 
of  water  on  the  sloping  beach  in  Figure  3  are  not 
normal  "tidal  pools".  Rather,  they  are  formed  by  the 
upward  |>ercolation  of  groundwater  which  occurs  as 
a  slow  see|>.ige  throughout  the  ex)*  sed  part  of  the 
hay  bottom  and  extends  into  that  part  of  the  bottom 
still  covered  by  hay  water  In  places,  the  discharge 
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Fig.  7.  limtograph  of  flowing  «  !  (i  934  with  the 
Fig.  6.  Photograph  of  well  (i  934  developing  itself  hy  casing  positioned  just  above  the  w*ui  surface  of  Biscay  nr 
natural  flow  Bay. 


breaks  out  in  sufticicnt  strength  to  lie  classified  as  a 
real  spring.  Thus,  the  subcircular  ponds  in  Figure  3 
arc  formed  by  the  restricted  growth  of  sea  grass  near 
small  brackish-water  springs  in  the  Cutler  area. 

The  discharge  of  groundwater  is  not  unique  to  the 
limestone  shore  of  Biscayne  Bay.  but  may  be  recog¬ 
nized  in  a  slightly  different  form  on  sandy  beaches 
(  Fig.  8  i.  This  photograph  was  taken  at  Jekyll  Island, 
(leorgia.  the  site  of  the  Conference  on  Kstuaries. 
looking  southward  from  the  Wanderer  Mot-1  toward 
the  Aquarana.  The  Atlantic  Ocean  level  at  low  tide 
can  lie  seen  at  the  extreme  left :  the  high  tide  mark 
is  at  the  right.  The  strip  of  water  extending  parallel 
to  the  shore  is  formed  by  groundwater  seepage  in  a 
trough  or  runnel  which  lies  landward  from  a  small 
wave-constructed  sand  bar.  The  accumulated  ground¬ 
water  is  discharges!  seaward  through  a  small  rivulet 
that  extends  down  the  sloping  beach  to  the  ocean. 
The  chloride  content*  of  several  water  samples  col¬ 
lected  at  Jekyll  Island  at  fi:15  r  M.,  April  3.  1914,  are 
as  follows : 


l.i nation  on  ~i*t  shore  of 
Jckvl!  Island,  Georgia 


Chloride 


!  tn  ppm  i 


on  tlie  oceanward  strand,  indicate  that  a  freshwater 
letis  underlies  this  small  island.  Clearly,  the  circum¬ 
stances  of  groundwater  discharge  along  the  shore  of 
Biscayne  Bay  cannot  lie  considered  unique. 

Salinity  of  Biscayne  Bav 

The  effect  of  groundwater  discharge  on  the  salinity 
of  Biscayne  Bay  is  significant.  F'igure  9  shows  that 
the  chloride  content  of  water  samples  collected  at  the 
bottom  of  the  lay  at  Stations  1  and  3  is  occasionally 
less  than  8.000  ppm  (station  locations  Figs.  10  and 
1 1  > .  Station  1  is  located  in  the  intertidal  zone,  and 
at  low  tide  the  chloride  content  represents  the  admix¬ 
ture  of  residual  bay  water  and  groundwater  discharge 
at  one  of  the  subcircular  depressions  shown  in  the 
foreground  of  Figure  3.  The  water  at  Stations  1  and 
3  is  about  0.5  ami  1.5  feet  deep  at  the  lowest  tide 
level.  At  high  tide  the  hay  water  covers  all  stations 
ami  there  may  be  a  slight  reversal  of  head  mi  that 
near  shore,  the  bav  water  nay  intrude  slightly  into 
tlie  aquifer  before  bring  flushed  out  during  the  falling 
tide  Tlie  ciilorule  nwit-ntx  of  Figure  9  jrr  rvvkww 


Wanderer  Motel — Inland  edge  of  water  strip 
shown  in  Figure  R,  about  5 
feet  afovr  ocean  l-vci  5,800 

Wanderer  Motel — Hide  in  beach,  about  30  fret 
inl.iid  front  the  ocean  and 
I  fool  above  ocean  level  13.1110 

Wamlerrr  Motel — tfeean  water,  coilertrd  4  le— t 
seaward  of  ocean  level  line, 
water  about  tU  foot  deep  II.WU 

Aquarama  •  ( <4ln1itl  in  hole  I  fisil 

deep,  ab-vut  fi  feet  above 
ocean  level  <J 

Jekyll  I  viand  is  afoul  seven  miles  long  and  one 
raiV  w  nir  ami  »»  studdrd  w  ith  large  oak  trees  The 
oak  tree*  akmg  with  the  chlnrimty  gradient  of  water 


Fig  R  PSatngratd-  showing  gruwndwatrr  itudarft 
■it  the  exposed  strand  at  I  hr  eastern  sake  at  jekyll  Island. 
(  •ear gw.  near  la*  ssk.  A  red  J,  |«M 
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1963  1964 


Fig.  9.  Graph  chiming  fluctuant im  of  chloride  content 
of  water  samples  collected  at  the  bottom  of  Biscaynr  Bay 
offshore  from  tw  Cutter  area 


in  relation  to  time,  hut  it  may  be  assumed  that  the 
lower  values  represent  the  conditions  at  low  tide. 

The  seasonal  character  of  the  salinity  fluctuations 
relates  to  the  onset  of  the  dry  season  alter  the  rainy 
seasoc  ends  in  earls  November.  A  complete  seasonal 
cycle  for  surface  salinity  near  Chicken  Key,  slightly 
north  of  Stations  4  ami  5  (insert  map.  Fig.  lt>  > .  is 
given  by  Woudiiunsee  i|95fl.  tor  the  year  l'*4K 
Iltc  salinity  during  that  hurricane  year  ranged  front 
a  low  of  15  «  i  parts  |«er  thousand)  in  October  to 
a  high  of  35  »»  in  March.  Tlie  ilata  of  Figure  9 
roughly  indicate  the  salinity  conditions  antecedent  to 
the  present  tonal i<*t  study  represented  by  s|<ecies 
assemblages  oi  February.  I9W 

The  chlortntlv  data  of  Figure  9  are  plotted  agatml 
distance  in  F'lgure  10  The  envelope  between  the 
maxima  minima  lines  indicates  the  severe  ranges  of 
salinity  fluctuation  that  fauna  and  flora  near  the 
shoreline  must  withstand  IV.iccalmn  does  not  ap 
pear  to  be  a  strong  (ad  or  in  the  biological  tonal  ion 
because  the  upward  srrpagr  of  groundwater  mam 
tarns  a  sloping  sheet  of  water  over  Ihr  exposed  beach 
i  Fig  Ji.  Animals  capahfe  of  slight  movement  may 
easily  find  harbor  by  swimming  or  erawfmg  into  the 
grass — provided  they  can  adjust  or  rrgulatr  osmoti 
catty  to  withstand  the  fluctuating  salinities 

The  average  cWortdr  omtetst  line  represent*  the 
arithmetic  average  of  water  samples  collected  at  each 


station  troni  October.  1963,  through  February,  1964. 
Because  the  salinity  fluctuations  should  decrease  with 
distance  from  the  shore,  the  infrequent  sampling  at 
the  more  seaward  stations  probably  does  not  produce 
serious  aberration  of  the  average  salinity  curve. 
Though  the  data  are  sparse  and  obviously  seasonal, 
the  average  .values  give  an  indication  of  the  condi¬ 
tions  under  which  the  flora  and  fauna  exist  in  the 
Cutler  area. 

BIOLOGICAL  ZONATION 

Under  the  definition  that  an  estuary  is  a  region  of 
steep  and  variable  gradients  in  environmental  condi¬ 
tions,  Hiscjyne  Hav  has  been  classified  as  a  positive, 
shallow,  ticLal,  bar-built  estuary;  the  term  positive 
indicates  that  the  salinity  is  less  than  that  of  the 
connected  seawater  Ixxly  ( Hcla  ft  of.,  195/  ).  The 
seasonal  temperature  range  of  the  bay  water  is  19* 
to  32*C.  with  little  vertical  stratification  (McNulty 
rt  <s/.,  1962 1.  Fine  ealcareons  sediments  are  brought 
into  suspension  by  lieavy  wave  action  ;  transparency 
of  the  water  is  reduced.  Imt  generally  the  turbidity  is 
not  great  enough  to  prevent  penetration  of  light  to  the 
shallow  bottom. 

Maximum  salinity  fluctuations  occur  ojqiosite  the 
mouths  of  canals,  and  the  biological  distribution  in 
the  vicinity  of  the  outlet  of  the  Miami  Canal  has  been 
studied  intensively  in  connection  with  the  decrease  of 
sewage  effluent  after  construction  of  the  City  of 
Miami  sewage  treatment  plant  in  IVX.  (Moore  ft  jl.. 
1955;  McNulty.  1961).  From  a  hydrological  view¬ 
point.  a  biological  zonation  should  exist  not  only  near 
the  outlets  of  canals,  hut  also  aLaig  the  shores  of 
interc.anal  areas.  Thorson’s  t  1957  i  concept  of  level- 
bottom  c<Hnmumties  does  not  apply  to  the  narrow 
region  along  the  shore  where  groundwater  discharge 
occurs. 


MTXMCZ  raou  SHORELINE  IN  FEET 


Fig  Id  Graph  thowmg  <4wrrveH  chlormity  profile  m 
ftiwavnr  Hat.  IVlifvr.  I<W  !■>  Februaet,  l*M 
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An  incomplete  search  of  the  literature  has  yielded 
lew  references  to  the  influence  of  groundwater  dis¬ 
charge  on  the  biological  distribution  in  an  estuary. 
Kcmane  and  Schuli  ( 1934)  clearly  relate  the  presence 
of  turhellarians  {Otoflana  zone)  to  brackish  ground- 
water  underlying  the  strand  of  the  Kiel  district  of 
'•erniany.  Finery  and  (.  ox  l  195f»i  niention  that  mul¬ 
let  and  other  brackish-water  tish  are  cultivated  in 
artiticial  [muds  fed  l»v  artesian  springs  alimg  the 
shore  of  Molokai.  Hawaii.  Abbott  i  194“  i  indicates 
that  the  tish  jkubIs  are  fed  by  "subterranean  wells” 
ami  correlates  the  algae  growing  in  each  ol  the  ponds 
with  the  characteristic  chlormity  for  that  pond  In 
discussing  the  evolutionary  adaptations  in  the  brack¬ 
ish  mlaml  watei  of  tlte  Florida  |>enmsuU.  Odum 
•  I9s.t  i  notes  that  blue  crabs  are  rarely  observed  in 
th-  main  hod  of  Chassahow  ittka  Springs  which  hat 
i  chlornle  content  ot  jt>  ppm  •  hut.  in  contrast,  the 
crabs  are  alnimlant  a  lew  hundred  feet  downstream 
where  water  front  a  second  boil  with  a  chlormity  of 
*30  ppm  mixes  with  the  wa.rr  of  the  first  hod  This 
■>  an  insrrse  example  of  the  subject  of  this  paper.  in 
dial  the  discharge  of  a  salts  spring  is  providing  an 
inland  hahitat  for  a  omirmwi  marine  form 

Mcjihrnvn  ami  SltjJwiuw  i  R'Ol  and  Voss  and 
Voss  1)955*  found  biological  reflation*  along  the 
chores  of  the  Florida  Keys  In  general,  the  offshore 
kr\  s  .or  l»*‘  small  t«»  'kirli^i  a  Ireshwatef  lens  and 


the  biota  repriscnt  the  normal  seawater  salinity  rangr. 
The  concept  of  conation  has  not  lieen  applied  to  the 
MoriiLt  mainland  shore  where  the  etTect  of  ground¬ 
water  discharge  could  pioducc  significant  differences 
in  the  distribution  of  the  organisms. 

Su  i-r  ok  tiii  llioi  ih.it  \i.  Stt  nv 

Setni  quantitative  samples  of  the  aquatic  animals 
were  csdleeted  by  dragging  a  two-man  trawl  a  dis¬ 
tance  of  IOt)  feet  |ur.  llel  to  tl>e  shore  at  the  nine 
locations  slkiwn  in  Figure  11.  TI»e  trawl  had  a  metal 
frame  ojwning  4  feet  wMle  by  2  feet  high  with  a 
nylon  w  indow -screen  collecting  hag  4  feet  long  Sam 
pies  of  the  muildi -sandy  sediment  were  shoveled  up 
at  selected  inters  ats  from  the  shore  ami  were  siftetl 
through  a  quartrr  inch  mesh  screen  to  collect  the  hot 
tom  fauna  The  attached  aquatic  flora  were  mapped 
by  direct  ohscrvation  'Hie  abundance  and  nmatn>n 
of  sj*Tirs  briiotl  15410  feet  front  shore  (Table  1  - 
were  estimated  sisually  by  a  laremaikrqutppcsl  duet 
who  was  pulled  by  a  stow  inosing  boat  along  a  see 
tmn  line  |m]«mlitiila(  to  the  shore  The  study  can 
not  hr  considered  c-wnprrhensisr  a*  it  was  initiated 
and  oriented  to  establish  the  effect  of  groundwater 
dtwhargr  on  the  hu4a  m  that  part  of  the  hay  bottom 
white  the  effects  wmild  hr  most  pronounced.  I*ri 
mart  attention  was  given  to  the  fauna  and  flora  of  the 
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Table  1.  Comparative  list  of  the  fauna  and  flora  collected  at  the  Cutler  Site.  1' — present;  C — common : 
A — abundant. 


Distance  from  shoreline  in  feet 

S0‘  lOO1  150'  200‘  2801  3801  5^0'  700’  1.300'  1.800  3,000  4.000  7,000 


ALGAE 

tiatophora  oerstedi 
Entcromorpha  sp. 
Digenia  simplex 
Laurencia  sp. 
Aeelabularia  crenutata 
Ulvo  sp. 


c  c  c  c 

C  C  C  A  A 

C  I’ 

P 


Halimcda  opuittia 
Peniciilus  capilatus 
Viotea  conglutmata 
Caulerpa  sp. 
Sargassum  sp. 


P  P  C  C 
P  P  P  C 
P  C  P  t 


C  C  C 

C  C  P  C  c 

C  C  P  C  A 

P 

A 


SEA  GRASSES 

Diplanthera  wrightii 
Thalassia  lesludinum 


A 


A  A  C  P 

P  C  A 


A  A 


A 


I' 

C  A  A  A 


PORIFERA 

Sphecospongia  •  sparia 
llaliclona  sp 
ircinia  camp  a 
Tedania  ignis 


P 


C  C  C  A  A 

P 

P  P  C 

P  P 


CN1DARIA 

Sidcraslrca  siderca  ( Coral ) 
Solcnastrca  hyades  (  Coral ) 
.4  ntillogorgia  accrosa 
(Sea  feather) 


P 


C  A  C  P  P 
P  P 


A 


ANNELIDA 


Nereid  worms 

C 

C 

C 

C 

C 

C 

C 

C 

ECHINODERMATA 

Echinaster  j.'nfu.t 

1 

1 

1 

MOLLUSCA 

Gastropods 

Mrlongena  corona 

1 

1 

Xcritina  '  irginca 

3V 

4 

2 

llaminoca  clcgans 

33 

23 

2 

1 

Cent hiti at  tv-iabilc 

144 

6 

3 

4 

1 

Ualillaria  minima 

722 

156 

538 

127 

138 

8 

2 

Crrilhium  muscarum 

54 

28 

35 

71 

57 

60 

54 

35 

3 

Bulla  occidcntalis 

14 

7 

7 

10 

6 

1 

5 

1 

1’runum  apicinum 

9 

5 

2 

9 

8 

6 

4 

3 

Xassarius  vihex 

2 

5 

4 

11 

8 

1 

23 

13 

1 

Thais  hacmasloma  floridana 

1 

Modulus  modulus 

3 

l 

17 

37 

31 

97 

73 

7 

Easciolaria  tulipa 

i 

1 

2 

Crcpidula  ameexa 

3 

21 

16 

16 

12 

(  olumh.  Ua  ruslicoidcs 

1 

16 

15 

18 

1  rrmu  ularia  tpirala 

2 

2 

i\  is  soma  sp. 

P 

Turbo  cosliincus 

Peleey|Mnls 

.-Inomr  uardia  cuucimcris 

3 

llroi  hiodonlcs  sp. 

3 

5 

5 

7 

52 

56 

f.acricardium  morhmi 

1 

2 

5 

7 

3 

7 

5 
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Table  1  ( continue*! I 


Distance  from  shoreline  in  feet 

SO1  IOC  ISO1  2001  280'-  380‘  500'  700'  1,300'  1,800  3,000  4,000  7,000 


MOLLUSCA  (Continued) 
Pelecypods  (Continued) 


Chione  cancel  laid 

2 

6 

2 

l.ima  pellucida 

1 

2 

1 

1 

Jrquipccten  gibbus  nucleus 

1 

1 

1 

2 

Tellina  versicolor 

A  nutria  simplex 

1 

1 

ARTHROPODA 

I’alaemonid  Shrimps 
1‘alacnumetes  intermedins 
Penaeid  Shrimps 

121 

137 

100 

13 

I’enaeus  duorarumt  t ) 

(juvenile) 

8 

91 

26 

26 

14 

2 

2 

7 

Hippolytid  Shrimps 

7  ozeuma  carolinensis 

1 

10 

Hippolyte  sp. 

1 

90 

200 

550 

680 

620 

96 

Thor  ftoridanus 

2 

135 

1220  3,000 

1,220 

1,040 

272 

Hippolytc  sp. 

Mvsids 

30 

240 

340 

128 

T aphromysis  bowman i 

Hermit  Crabs 

2 

91 

4 

70 

50 

1 

20 

Clibanarius  vittatus 

C 

C 

P 

Tayurus  annulipes,  Provenzano 
Cancroid  Crabs 

23 

36 

104 

23 

105 

92 

11 

Callinectes  sapidus 

12 

FISHES 

Cyprinodon  sp. 

3 

Lobules  surinamiensis 

1 

Spheroides  testudineus 

2 

1 

1 

Lucania  parva 

262 

356 

150 

94 

24 

40 

10 

3 

Gobiosoma  robustum 

1 

1 

2 

13 

7 

4 

s 

5 

3 

Syngnathus  sp. 

1 

4 

2 

3 

1 

Hippocampus  soslerae 

2 

3 

2 

2 

Lagodon  rhomboides 

1 

14 

18 

26 

(  hasmodes  saburrac 

1 

1  Trawls  1  through  9  are  arranged  in  increasing  distance  from  the  shore.  Each  trawl  was  100  feet  long  and  the  number  in  table  repre¬ 
sents  the  total  count  of  specimens  in  the  respective  trawl.  A  blank  in  the  column  space  indicates  "not  observed",  but  in  the  nearshore 
area,  where  observations  were  quite  detailed,  the  blank  indicates  probable  complete  absence  of  the  species.  The  table  is  arranged  toxo- 
immically  and  the  species  under  each  group  are  arranged  to  infer  a  zonation  by  the  tapering  pattern  of  numerical  count  or  symbols. 


wetted  bottom  extending  to  a  distance  of  about  1,500 
feet  from  shore. 

BOTTOM  Tvi’K 

Flic  nearshore  bay  bottom  at  Cutler  may  be  classi¬ 
fied  as  muddy,  but  it  is  more  aptly  described  as  con¬ 
sisting  of  sand  and  shell  fragments  with  a  matrix 
of  organic  mud.  The  substratum  consists  of  consoli¬ 
dated  limestone  pitted  with  vertical  solution  holes  up 
to  four  feet  deep  which  are  frequently  tilled  with  the 
sandy  mud.  Near  shore,  the  bottom  is  extremely  soft 
and  wading  is  difficult,  especially  at  low  tide  when 
upwaid  percolation  of  groundwater  tends  to  make  the 
sediments  quick. 

Zonation 

hive  of  the  42  species  that  were  captured  in  the 
trawls  are  graphed  in  relation  to  the  underlying  hy¬ 
drological  factors  in  Figure  12.  Published  information 
indicated  that  the  distribution  of  these  five  animals 


was  more  closely  related  to  salinity  than  to  other  en¬ 
vironmental  factors.  The  vertical  scale  gives  numbers 
of  animals  collected  in  each  trawl  and,  as  the  first 
trawl  was  50  feet  from  shore,  the  graph  begins 
abruptly  at  that  distance. 

The  strictly  brackish  gastropod,  Nerilina  Virginia, 
was  most  abundant  near  shore,  especially  around  the 
springs,  where  the  mean  salinity  was  19  %c  but  where 
a  low  of  5  %0  was  observed.  The  first  trawl  contained 
39  individuals,  with  the  number  decreasing  rapidly  to 
zero  in  the  fourth  trawl  at  200  feet  from  shore.  The 
only  other  recorded  occurrence  of  this  species  in  Bis- 
cayne  Bay  was  at  the  mouth  of  the  Miami  River 
(McNulty,  1961).  Russell  (1941)  describes  the  sa¬ 
linity  range  of  this  gastropod  as  follows :  "Xcrilina 
virginea  is  a  species  of  the  mangrove  swamps  and  is 
strictly  a  brackish  water  form.  It  appears  to  be  most 
abundant  around  the  mouths  of  creeks  and  rivers 
though  it  will  not  advance  beyond  the  area  of  brack¬ 
ish  waters.” 
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Lucania  parva,  the  rainwater  killifish,  is  typical  of 
swamps  and  brackish  waters  along  the  Atlantic  coast 
from  Cape  Cod  southward  to  Mexico  (F.ddy,  1957). 
It  occurs  at  Cutler  in  hundreds  per  trawl  near  shore 
where  the  groundwater  discharge  is  especially  fresh. 
Although  this  species  appears  to  prefer  brackish 
waters,  it  tolerates  hypersaline  conditions.  For  ex¬ 
ample,  Harrington  and  Harrington  (1961)  found 
Lucania  parva  to  be  abundant  during  the  fall  of  1956 
in  a  subtropical  marsh  along  the  Indian  River  shore¬ 
line  of  Florida  where  the  salinity  in  some  of  the 
smaller  ponds  rose  to  a  maximum  of  39  %?.  However, 
Tabb  and  Manning  ( 1961 ),  from  work  in  the  northern 
part  of  Florida  Bay,  describe  Lucania  parva  as  occur¬ 
ring  most  abundantly  in  low  salinities.  Though  this 
species  may  be  truly  euryhaline,  the  distribution  and 
the  manner  in  which  it  congregates  in  spring  ponds 
of  the  Cutler  area  suggests  that  this  killifish  has  a 
definite  preference  for  the  brackish  water  of  this 
nearshore  region. 

The  recently  described  mvsid,  Taphroniysis  brnv- 
mani  Bacescu,  was  concentrated  in  the  low  salinities 
near  shore,  but  a  few  individuals  were  collected  as 
far  out  as  700  feet  from  shore  where  the  mean  salinity 
was  26  %c.  Bacescu  (1961),  based  on  known  habitats 
in  Louisiana  and  Florida,  described  T.  bmomani  as 
characteristic  of  brackish  water,  but  with  occurrence 
in  fresh  water  also. 

The  two  marine  forms  (Fig.  12).  the  juveniles  of 
the  pinfish,  Lagodon  rhomboides,  and  the  gastropod. 
Columbella  rusticoidcs,  extend  shoreward  into  salini¬ 
ties  of  22  %c ;  the  increasing  numbers  of  these  two 
forms  seaward  indicates  their  preference  for  higher 
salinity. 

L.  rhomboida  has  been  recorded  from  waters  along 
the  east  coast  of  the  United  States  with  salinities 


ranging  from  approximately  0.1  to  37.2  %c,  but  the 
larvae  and  post  larvae  have  been  found  only  in  the 
relatively  high  salinities  of  the  open  sea  (Caldwell. 
1957).  Only  juveniles  were  collected  at  Cutler  (the 
body  lengths  ranged  from  11  to  28  mm),  and  their 
distribution  suggests  that  they  have  not  developed 
sufficient  tolerance  to  withstand  the  low  salinities  in 
the  region  of  groundwater  discharge. 

Apparently,  the  salinity  tolerance  of  Columbella 
rusticoidcs  is  unreported,  but  Tabb  and  Manning 
(1961)  found  C.  rusticoidcs  common  on  Thalassia 
flats  of  Florida  Bay  in  high  salinities.  Also,  Robert 
C.  Work  (personal  communication),  who  has  col¬ 
lected  extensively  along  the  coasts  of  Florida,  finds 
that  this  gastropod  is  absent  from  areas  of  low 
salinity. 

Seventeen  other  animals  were  present  in  sufficient 
numbers  to  be  plotted  and  their  distributions  are 
shown  in  Figure  13.  The  spatial  arrangement  of 
these  forms  shows  a  zonal  effect  but,  because  of  their 
recognized  intertidal  occurrence  or  notoriously  broad 
osmoregulatory  abilities,  these  species  may  zone  them¬ 
selves  in  response  to  environmental  factors  other  than 
salinity. 

The  most  noticeable  zonation  in  the  Cutler  area  is 
reflected  in  the  attached  plants  and  sessile  animals. 
For  example,  the  transition  between  Diplanthera  and 
Thalassia  grass  is  plainly  visible  at  the  point  of  the 
arrow  in  Figure  14. 

The  dark  zone  at  a  distance  of  less  than  200  feet 
from  shore  is  almost  a  solid  mat  of  Diplanthera 
wrightii  grass  along  with  a  significant  amount  of  the 
green  alga.  Batophora  oerstedi.  The  light  zone  ex¬ 
tending  seaward  from  the  transition  line  consists 
primarily  of  the  marine  turtle  grass,  Thalassia  testudi- 
nuin,  and  several  marine  algal  species  (Table  1). 


Fig.  12.  I)i>  •butiun  of  selected  animals  related  to  underlying  hydrological  factors  in  tlx-  Cutler  area. 
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I-'ijf.  13,  (iraph  showing  distribution  <>f  common  animals  related  to  distance  from  shore  in  the  Cutler  area. 


H.  oerstedi  is  found  throughout  the  West  Indies 
and  occurs  in  quite  fresh  water  or  in  water  of  normal 
marine  salinity  hut  prospers  in  brackish  water  (Tay¬ 
lor.  I960).  Taitb  and  Manning  (1961)  report  that 
Hatophora  is  uncommon  in  the  high-salinity  regions 
of  Florida  Hay,  hut  is  common  in  the  brackish  to 
fresh  areas  of  the  Everglades  hay  system. 

Piplanthera  grass  occurs  commonly  in  normal  sea 
water,  but  the  sol.  I  mat  of  this  grass  near  shore  sug¬ 
gests  that  Piplanthera  is  more  tolerant  to  the  low 
salinity  of  the  upward  jiercolating  ground  water  than 
Thalassia  grass.  However,  Piplanthera  also  has  a 
lower  salinity  limit.  Figure  15  is  a  closeup  view  of  a 
spring  pool  about  five  feet  in  diameter  located  about 
50  feet  seaward  front  the  shoreline  in  the  Cutler  area. 
The  limestone  detritus  marks  the  points  of  two  spring 
orifices.  Live  Piplanthera  grass  surrounds  the  spring 
(tool,  hut  is  absent  front  the  central  part  where  the 
lowest  salinities  prevail.  The  dark  material  inside  the 
|mk)I  is  cotn|K>sed  primarily  of  dead  Piplanthera  blades 
with  a  few  washed-in  Thalassia  blades.  In  some  of 
the  other  springs  Hatophora  grows  abundantly  as  an 
inner  core  surrounded  by  the  outer  ring  of  Piplan¬ 
thera. 

Several  animals  that  were  common  in  the  near¬ 
shore  trawls  seek  the  low  salinities  of  the  spring 
|hk>Is.  Until  frightened  into  the  surrounding  grass, 
the  kitiifish  <  Laconia  patva )  Hit  about  the  pools  and 
tend  to  congregate  near  the  spring  orifices.  Although 


probably  not  distinguishable  in  Figure  15,  examina¬ 
tion  of  the  original  color  transparency  under  a  low- 
power  microscope  showed  that  specimens  of  Ncritina 
virginea  were  present  both  in  the  dark  central  region 
and  on  the  live  grass  surrounding  the  pool. 

F-xclusivety  marine  forms  such  as  echinoderms  and 
corals  were  absent  from  the  areas  of  low  salinity  near 
shore.  Only  one  echinoderni,  the  starfish,  Echinaster 
sentus,  was  encountered  in  the  trawls.  Its  nearest 
approach  to  ,.boi\  was  in  a  Thalassia  bed  at  a  dis¬ 
tance  of  2X0  feet  where  the  mean  salinity  was  about 
21  5f,.  I well  1’.  Thomas  (personal  communication) 
found  the  brittlestar,  Ophiophragmus  filograncns.  to 
be  common  in  the  vicinity  of  the  groundwater  dis¬ 
charge  in  the  soft  bottom  ami  Piplanthera  roots  about 
the  year  1959.  This  brittlestar  tolerates  low  salinities 
and  was  collected  in  the  ixripheral  bays  of  the  Ever¬ 
glades  where  the  bottom  salinities  ranged  front  7.7 
to  14.0  '^r  (Thomas.  1961).  The  apparent  absence 
of  O.  filograneus  during  the  present  study  may  indi¬ 
cate  year-to-year  and  seasonal  fluctuations  in  the 
biota. 

Habitat 

The  animals  in  the  nearshore  region  live  in  a  pre¬ 
carious  environment.  The  mud  underlying  the  grass 
reeks  of  hydrogen  sulfide  and  in  general  is  not  habit¬ 
able.  As  the  tide  floods  over  the  nearshore  region, 
the  salinity  of  the  water  increases  rapidly.  Thus,  the 
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Fig.  14.  Aerial  photograph  of  the  Cutler  area  showing 
the  transition  between  Diplanthera  (dark)  and  Thalassia 
grass  (light).  (Photograph  by  Richard  A.  Wade.) 

brackish-water  species  probably  cannot  go  downward 
into  the  sediments  and  presumably  do  not  prefer  the 
high  salinity  of  the  flooding  tide.  By  feeling  into  the 
grass  during  the  flood  tide,  the  impression  is  obtained 
that  the  shelled  animals  are  stratified  under  the  upper 


Fig.  IS.  Photograph  of  two  spring  orifices  surrounded 
by  live  Diplanthera  grass  at  the  edge  of  a  tidal  pool. 

layers  of  grass,  but  above  the  liottom.  The  observa¬ 
tion  may  be  of  little  merit  but  it  seems  reasonable 
that  the  best  protection  against  the  high  salinity  above 
and  the  hydrogen  sulfide  helow  would  occur  in  this 
thin  intermediate  layer  of  grass. 

Samples  of  water  discharging  from  a  spring  orifice 
(Fig.  IS)  and  from  the  edge  of  the  pool  were  ana¬ 
lyzed  for  hydrogen-sulfide  content.  The  former  con¬ 
tained  0.3  ppm  and  the  latter  0.7  ppm,  ±50  percent. 
These  low  concentrations  are  consistent  with  the  ob¬ 
servations  of  Ostlund  and  Alexander  (1963)  that  hy¬ 
drogen  sulfide  is  oxidized  very  rapidly  as  it  diffuses 
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upward  from  the  sediments  and  is  practically  unde¬ 
tectable  at  distances  greater  than  one  cm  above  the 
sediment  surface. 

The  bay  water  to  a  distance  of  1,500  feet  from 
shore  was  profiled  with  a  Yellow  Springs  Model  51 
oxygen  meter.  The  oxygen  content  averaged  about 
5.7  ppm  (4  ml/I)  just  after  low  tide  with  little  de¬ 
viation  along  the  profile.  The  oxygen  content  of  the 
groundwater  from  a  flowing  well  was  determined  at 
about  4.0  ppm  (2.8  ml/1)  sufficient  to  sustain  most 
animal  life.  The  observations  of  hydrogen  sulfide  and 
oxygen  content  indicated  that  these  were  not  limiting 
factors  in  the  study  area. 

Resume  of  Biological  Zonavion 
Figure  16  shows  a  schematic  resume  of  the  biologi¬ 
cal  distributions  that  were  most  noticeable.  Among 
the  marine  forms  the  coral,  Siderastrca  sidcria, 
drop|>ed  out  landward  at  about  700  feet  from  shore, 
where  the  salinity  ranged  from  21  to  30  %c,  and  the 
loggerhead  sponge,  Sphccospongia  vesparia,  dropped 
out  at  400  feet  from  shore  where  the  salinity  ranged 
from  la  to  28  V,.  The  gastropods,  Turbo  castancus 
and  Columbella  rusticoidcs,  which  were  present  be¬ 
yond  the  ninth  trawl,  dropped  out  in  the  shoreward 
region  of  freshened  bay  water. 

In  contrast,  the  brackish  forms,  such  as  .VerifiM 
virginea  and  Taphromysis  bwmani,  fall  out  seaward 
(Fig.  16).  These  distributions  focus  at  a  distance  of 
about  300  feet  from  shore,  w  hich  is  also  the  distance 
at  which  the  main  part  of  the  groundwater  discharge 
terminates. 

Many  factors  influence  the  distribution  of  fauna 
and  flora  along  a  shoreline  and  it  is  difficult  to  posi¬ 
tively  assign  one  parameter  such  as  salinity  as  the 
controlling  factor.  Nevertheless,  the  distribution  of 
the  organisms  correlates  so  closely  with  the  under¬ 
lying  hydrological  factors  that  a  conclusion  apjiears 
justified:  the  distribution  of  the  organisms  is  pri¬ 
marily  a  function  of  salinity  related  to  groundwater 
discharge. 

••fi tlhors"  Note:  Thanks  arc  extended  to  Henry  A. 
Feddern  of  the  University  of  Miami  Institute  of  Marine 
Science  for  identification  and  sorting  of  the  fishes  Wil¬ 
liam  W.  Carmichael.  Charles  M.  Brookfield,  and  Wirth 
M.  Monroe  provided  historical  information  on  the  loca¬ 
tions  of  offshore  springs. 

Publication  of  this  paper  has  hren  authorized  by  the 
United  States  (ieologica!  Survey.  Washington,  J).C 
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Saturation  of  Estuarine  Zooplankton  by  Congeneric  Associates 

H.  PERRY  JEFFRIES 

Graduate  School  of  Oceanography,  University  of  Rhode  Island,  Kingston,  Rhode  Island 


Zooplankton  can  he  divided  into  two  major  cate¬ 
gories,  the  holoplanktcm  and  the  meroplankton,  sepa¬ 
rated  according  to  characteristics  in  the  life  cycle. 
All  stages  in  the  development  of  a  holoplanktonic  ani¬ 
mal  live  in  the  water  above  the  substrate;  nieroplank- 
ters  spend  only  part  of  their  lives  in  the  water  as  free- 
swimming  larval  stages.  A  third  group,  the  tycho- 
plankton,  is  usually  of  minor  importance  and  consists 
primarily  of  organisms  accidentally  swept  from  the 
bottom 

Estuarine  holoplankton  is  a  monotonous  assortment 
of  calanoid  co|iepods.  The  meroplankton  has  numer¬ 
ous  classes  representing  several  phyla.  Diversity,  both 
from  a  specific  and  a  phylogenetic  point  of  view,  is 
consequently  much  higher  in  the  meroplankton  than 
in  the  holoplankton,  prohahlv  because  marine  sedi¬ 
ments  offer  several  different  kinds  of  habitats  which 
buffer  physical  variations  in  the  water.  Various  niches 
are  available  within  sediments  to  sup|>ort  a  diverse 
benthic  fauna.  The  only  major  groups  that  have  been 
able  to  cope  with  the  vicissitudes  of  brackish  water 
throughout  the  life  cycle  are  the  Co|>epoda  and  Cla- 
docera.  Calanoid  copepods  are  clearly  the  dominant 
members,  constituting  all  hut  a  fraction  of  the  total 
except  for  brief  |>eriods  in  confined  areas  where  a  cy- 
clo|K>id  co|>epod  and  a  cladoceran  sporadically  bloom. 
From  Virginia  through  southern  New  England,  the 
area  covered  in  this  review,  the  estuarine  cope|>ods  of 
real  consequence  belong  to  the  genera  .■tcarha,  F.ury- 
Icmora.  and  Oithona.  Because  of  their  significance, 
the  biology  of  the  three  genera  or  their  counterparts 
along  other  coasts  must  l>e  understood  liefore  the 
economy  of  an  estuary  can  lie  worked  out.  They  have 
received  little  attention,  probably  because  of  a  com¬ 
bination  of  practical  difficulties  encountered  in  the 
study  of  ecology. 

For  each  of  these-  three  genera,  two  s|iecies  are 
generally  represented  in  abundance.  I  attempt  here 
to:  til  document  the  importance  of  congeneric  as¬ 
sociates  in  estuarine  plankton  and  nearshore  neritic 
waters:  (2>  relate  their  interactions  to  the  high  levels 
of  productivity  characteristically  maintained  in  estu¬ 
aries  ;  |J>  speculate  on  their  evolutionary  signifi¬ 
cance  :  *  4 )  cite  examples  where  similar  phenomena 
exist  in  the  benthos:  and  i5)  examine  the  biochemi¬ 
cal  and  physiological  hases  for  relationships  lietween 
interacting  populations  that  meet  in  various  ways 
within  tlie  lattice  of  space  and  time. 


RELATIVE  AND  ABSOLUTE  POSITIONS 
OF  CONGENERIC  ASSOCIATES 

Seasonal  abundances  of  the  larval  lienthos  and  holo¬ 
planktonic  copepods  are  shown  in  Figure  1A  for 
Raritan  Bay,  New  Jersey.  In  three  estuaries,  cope- 
pods  usually  comprise  over  60  percent  of  the  total 
zooplankton  from  spring  through  fall  (Fig.  IB).  Pe¬ 
lagic  larval  stages  of  benthic  invertebrates  make  rela- 


Fig.  1  Seasonal  abundance  »f  tlie  zooplankton  in  Hast 
Coast  estuaries.  A.  Raritan  Bay.  New  Jersey  Average 
concentrations  m*  at  Stations  1  and  6  shown  for  the  holo¬ 
planktonic  copepods  (  solid  line)  ami  meroplankton  <  broken 
line).  Stations  I  ami  6  represent  the  low  ami  high  salin¬ 
ity  extremes  of  the  hay.  B.  Density  of  holoplanktonic 
copriMxls  relative  to  total  zooplankton  ( hsslopJankton. 
meroplankton.  tychoplankton ;  excluding  fish  ami  copepixl 
eggs,  forams  and  nematmlrs ),  Narragansett  Ray.  Rhode 
Islam).  Raritan  Bay.  New  Jo  try  lave— pes  for  Stamms 
t  and  6).  ami  the  York  Riser.  Virginia.  1058 
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tively  large  contributions  in  the  York  K.ver,  Vir¬ 
ginia  (a  tributary  of  Chesapeake  Hay),  but  in  general 
the  numerically  important  group  is  obviously  the 
holoplankton. 

In  Table  1  the  major  sjiecies  are  classified  accord¬ 
ing  to  their  abilities  to  reproduce  and  maintain  popu¬ 
lations  in  brackish  water.  The  categories  are  based 
on  salinities  which  permit  imputation  growth,  not  iso¬ 
lated  instances  where  a  certain  sjieeies  occurred  at  an 
exceptional  salinity.  The  categories  are  ^presented 
diagrammatical])’  in  Figure  2,  showing  the  influence 
of  the  net  circulation  pattern.  Note  in  Table  1  that 
there  are  usually  two  major  species  |>er  genus.  The 
species  in  each  pair  lietter  able  to  withstand  diluted 
sea  water  is  listed  first  in  the  table.  For  Eurytemora, 
Acurlia,  and  Oilhona,  at  least,  the  more  euryhalinc 
memlxT  is  also  more  southern  in  overall  distribution 
and  thus  the  more  thermophilic  s|>ecies  in  the  genus. 
It  occurs  during  or  following  vernal  warming,  whereas 
the  second  listed  member  of  the  pair  usually  augments 


Table  1.  Ecological  classification  of  the  major  Kn- 
tomostraca  species  in  estuarine  plankton.  Classifica¬ 
tions  do  not  necessarily  hold  outside  the  region  of 
study  from  southern  New  England  to  Virginia. 
Within  each  genus  the  menilier  of  the  pair  of  s|ie- 
cies  listed  first  is  often  more  thermophilic  and  tolerant 
of  freshened  water  than  the  other.  Distributions  and 
intrageneric  relationships  derived  from  Fish  (1925). 
Decvey  (1948.  1952a.  h.  1956.  I960).  Lance  <  1962. 
1963  ).  and  Jeffries  ( 1962a.  b.  c  >. 

Category  Definition-Characteristics’ 


True  estuarine  I’ro|iagate  only  in  brackish  water:  toler¬ 
ance  for  reproduction  under  natural  con¬ 
ditions  of  interplay  between  members  of 
the  community  is  approximately  5-30%,. 
Found  in  the  open  ocean  as  strays  from 
less  vtline  waters. 


Estuarine  and 
marine 


Euryhalinc 

marine 


Stenohaline 

marine 


l'ro|iagatc  throughout  a  major  |x>rtion  of 
an  estuary's  length,  usually  s|ianning  the 
gradient  zone ;  reproduction  not  limited 
exclusively  to  the  marine  zone ;  population 
development  usually  limited  by  salinities 
less  than  10%,  ;  estuarine  p ipulations  main¬ 
tained  by  indigenous  recruitment,  not  de¬ 
pendent  on  influxes  from  offshore  to  main¬ 
tain  critical  population  densities  ( Kean 
papulations  generally  most  abuts lant  near 
the  coast. 

All  stages  in  life  history  of  the  sjccies 
usually  found  throughout  the  marine  zone, 
but  these  are  adventitious  migrants  horn 
the  ocean  carries)  landward  by  tidal  ac¬ 
tion;  eggs,  nauplii.  and  copepxlites  have 
an  inctxnplrtr  development,  probably  in¬ 
cluding  molts;  maintenance  of  the  pipu- 
latisin  is.  however,  dependrut  on  continu¬ 
ous  supply  frsen  the  ocean. 

Adults  and  other  late  copcpxhtes  tecur 
infrequently  near  the  mouth  of  the  estu¬ 
ary.  occasionally  straying  through  tie  ma¬ 
rine  zone ;  nauplii  and  copepxfite  stages 
l-i  1 1  absent  or  very  scarce  Characterize 
iqien  nrritic  waters. 


when  water  is  cooler,  reflecting  its  more  northern 
limit  and  center  of  distribution  (F'ig.  3).  Within  the 
area  studied,  this  relationship  does  not  hold  for  Ccn- 
trofiayes,  although  liamatus  is  less  affected  by  reduced 
salinity  than  typicus,  and  neither  species  is  estuarine. 
F'rom  the  totals  in  each  category,  note  that  all  but 
three  of  the  23  s|>ecies  are  paired.  In  Acarlia  and 
Hurytemora  there  are  three  species,  but  the  most 
halophilic  members  (A.  danae  and  E.  herdmani)  are 
very  scarce.  The  exceptions,  genera  represented  by 

Table  1  (continued) 


True 

Estu¬ 

arine 

Eury- 

Steno¬ 

estu¬ 

and 

haline 

haline 

Sp'cies 

arine 

marine 

marine 

marine 

Co|iepxl  congeneric 
associates 

Hurytemora 
afftnis 
omoriiana 
( hi-rdmani )* 

.tear  tin 
tonsil 
clausi 
t danax ) 

Oilhona * 
brtrirornis 
similis 

Tortanus 
srlaiaudalus  X 

disiaudalus 

I'araialanus 
crassirostris 
1‘arrus 

Tcmora 
stylifera' 
tom/icorms 

C  entrofaiirs 
hamulus 
lx  fit’  us 

Important  single 
s|ieciesr 

I.abulo(,-ra  ucj/it  a 

l’si-udo,alanus  minutus 

(  alanus  finmarrhirus 

Cladocera 

I'adim 

folyfhtmoidi’s 
mh-rmfdius 

lixadur 
nurdmanm 
spmilrra 

Total  sprcics 

Memhers  of 

cmgenrrx  associate* 


X 

X 

X 

X 

X 

X 


X 

X 


X 


X 

X 


X 

X 


X 

X 


X 

X 
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X 
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i  froa  Day  (1*51),  Spaoarr  sad  M«w«  (1946). 
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Fig.  2.  Stylized  distribution!  of  four  categories  of  holo- 
planktonk  -opepnd*  (Tabic  1 )  in  a  hypothetical  estuary 
Darkened  arrows  indicate  the  drift  of  animals  produred 
in  areas  shown  by  diagonal  lines ;  the  linrs  are  closely 
spaced  in  the  centers  of  propagation.  Relative  develop¬ 
ment  of  each  component  in  an  estuary  is  a  function  of 
salinity  distribution  and  net  circulation 

only  a  single  s|»ecirs.  are  not  estuarine;  they  do  not 
propagate  in  brackish  water,  (.'onsctpiently.  they  are 
usually  insignificant  except  in  the  marine  zone  of  an 
estuary.  In  the  lower  portion  of  Xarragansett  Bay 
and  near  the  mouth  of  Raritan  Bay,  the  marine  co- 
pepod.  /‘seudofalanus  imimu/w,  is  a  frequent  visitor 
during  late  winter  anti  spring  (Jeffries.  1963a  V 
Throughout  a  major  portion  of  the  year  congeneric 
associates  account  for  85  to  100  percent  of  the  holo- 
plankton.  Although  relator  proportions  change  along 
the  estuary’s  axis  in  relation  to  spatial  distributions 
of  salinity  i  Jeffries,  I9(i2b  i  and  Hustling  characteris¬ 
tics  (  Barlow.  1*>55I.  dominance  of  holoplanktonic  o>- 
l>epods  bv  these  associated  sjiecies  generally  become- 
mtire  pronounced  upstream.  The  two  major  .deur/iu 
s|>ecirs.  e/tiHti  ami  (omit,  are  not  metnhrrs  of  the  same 
suhgrnus  i  Farran.  1948 1.  This  suggests  that  direct 
genetic  relationship  i-  lacking  in  some  "tcological 
-)>ecir-  purs".  In  order  to  avoid  cvmfti-.on  with  strict 
taxonomic  usage  of  tlie  term  “species-pair”.  M  S 
Wilvm  i  (versonal  communication  >  Mtgge-ted  that  f 
use  "congeneric  associates"  to  denote  ecological  assi- 
cation  of  two  species  belonging  to  the  same  genus 
\\  ith  the  (msviblr  exce|*tmn  of  Hurytrmon.  these 
combinations  of  snecies  may  reflect  vestiges  of  evotu 
nonary  patterns  that  radiated  from  warm  waters  to 
colonize  trtnjieratr  estuaries,  part  of  a  general  tend 
rncy  exhibited  by  many  marine  faunas  (  Kknun. 
195.1 1  A  northern  origin  is  indicated  *«ir  l:mr\trm 
i»ru  by  the  diverse  assemblage  of  s(>rcics  in  Maskati 
waters  I  Wilson  ami  Tash.  |9M,  >  It  appears  ifiat  gen¬ 
era  penetrated  osmoregulatory  turrim  independently, 
forming  a  chain  of  specie*  with  overlapping  distnUi- 
U<eu  along  the  salt  gradient.  Kach  n  sent  her  of  the 
chain  jvrohahly  had  a  better  ability  to  tolerate  lower 


salinity.  Between  the  Chesa|ieake  and  Cape  Cod.  /:'u- 
rytrmora  populations  do  not  have  a  species  linking 
their  distributions  with  propagation  in  the  sea.  In 
the  Arctic,  herdmani  occurs  several  miles  offshore 
(  Wilson,  personal  communication  I .  The  three  Iiury- 
temora  species  in  northeastern  estuaries,  hi-rdman i, 
amcricana,  and  affinit,  probably  have  consecutively 
lower  salt  tolerances.  This  has  not  yet  been  proved 
experimentally,  but  is  apparent  from  distributions 
along  salt  gradients  in  several  estuaries.  An  uninter¬ 
rupted  chain  extending  from  salt  to  fresh  water  could 
he  the  result  of  intragcncric  competition.  Mayr  ( 1963) 
called  this  kind  of  species  relationship  a  powerful 
centrifugal  force  in  promoting  adaptive  radiation :  it 
favors  speciation.  driving  a  genus  into  new  arras  and 
niches  where  one  nteniber  can  escape  from  the  other. 
1  bus,  a  chain  of  related  species  |>ortrays  ascent  of  the 
estuary  :  the  |>attrrn  i»  not  always  complete  as  we  see 
it  today  because  adaptive  specialisation  can  lead  to 
extinction  when  animals  ovrrsjircialize  in  a  changing 
environment.  Kxchanges  of  congeneric  s|>ecie*  front 
one  estuary  to  another  could  account  for  the  fact  that 
present-day  chains  arc  composed  of  different  sub- 
genrra. 

Remmiiwring  that  the  origin  and  maintenance  of 
intcrs|»ccilic  relationships  arc  inseparable  because  "the 
ecological  history  of  the  sjiecics  is  to  some  extent 
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preserve*!  by  the  evolutionary  process"  ( Slobodkin, 
19ft2),  it  is  appropriate  to  consider  the  biological 
processes  sustaining  competitive  struggles  (or  sur¬ 
vival.  Interactions  often  result  vvlien  closely  related 
s|>ecies  |Ni|>ulations  develop  in  the  same  place  at  the 
same  time. 

INTKAC ;KN KRIC  RELATIONSHIPS 

Classical  conijieritioo  theory—  :.l»e  \'olterra-(Iause- 
l-otka  model — applies  to  the  succession  <>f  Acarlia 
populations  during  spring  and  early  summer.  At  this 
time  A.  clausi,  the  winter-spring  form,  and  A.  hmsa, 
its  summer  replacement,  reproduce  at  the  same  rate. 
These  s|iecies  are  adapted  for  the  specialized  circum¬ 
stances  imposed  by  the  estuarine  environment,  but 
they  have  different  sensitivities  to  low  salinity.  A. 
lonsa,  the  less  affected  hy  low  salinity  < l -.nee,  1962, 
1963 1,  eliminates  clausi,  its  northern  counterpart, 
from  the  niche  when  temperature  is  still  low  enough 
lor  clausi  to  reproduce  (Jeffries,  1962c ).  Because  of 
the  susceptibility  of  clauri  to  low  salinity  i  1 1-16V,  i, 
succession  starts  well  within  an  estuary  when  tem- 
l>erature  becomes  13-17*  C.  Succession  spreads  sea  - 
wanl  into  more  saline  water  where  osmoregulatory 
burdens  are  less.  Thus,  changeover  occurs  progres¬ 
sively  later,  moving  toward  the  ocean.  Beyond  the 
headlands.  lousa  'oej  not  ha>e  an  advantage  until 
temi>erature  becomes  sd  22*  C.  S..ce  the  ocean  warms 
more  slowly  than  an  estuary  during  spring  and  sum¬ 
mer.  the  lag  1*1  ween  the  two  areas  in  species  change¬ 
over  can  he  consulrrahle  It  amounted  to  two  and  a 


Kig  4  Seasonal  <bstntMts«  <4  f.mrrtcmum*  nvsnt 
and  £  afmu  adolH  n  Raritan  Bay.  New  Jmry 


half  months  at  two  stations  in  N'arragansett  Bay  sepa¬ 
rated  by  only  ten  miles.  In  the  middle  reaches  of  tlte 
bay,  clausi  was  eliminated  in  July,  but  near  the  mouth 
succession  did  not  start  until  September.  Absolute 
temperature-salinity  values  for  the  interaction  period 
differed  between  estuaries,  hut  in  all  cases  the  higher 
the  salinity,  the  greater  the  temperature  necessary  for 
hmsa  to  rqilace  clausi. 

Evolutionary  implications  can  lie  drawn  from  these 
ecological  distributions  i  Jeffries.  1962e),  but  the  ac¬ 
tual  basis  of  the  interaction — what  the  two  species  are 
coni|ieting  for — is  not  understood.  A  clear -cut  rela¬ 
tionship  with  the  phytoplankton  in  Raritan  Bay  was 
not  apparent.  A  nutritional  basis  would  be  especially 
difficult  to  detect  because  phytoplankton  and  zooplank- 
'.on  populations  differ  greatly  in  generation  times. 

A  very  subtle  interac»ion  within  a  genus  of  co$>e- 
|xxts  was  shown  hy  two  species  of  fiurytemora.  In 
Raritan  Bay,  sjiecific  differences  in  distribution  in¬ 
dicated  slight  dissimilarities  hi  fundamental  inches, 
but,  once  again,  only  numerical  rdatiomhijis  were 
seen,  not  the  underlying  biological  mechanism  which 
brought  about  flic  elimination  of  one  species  from  a 
portion  ol  the  biotope  where  tile  niches  intersected. 
Two  sjiecies  apjieared  in  the  Raritan  during  Decem¬ 
ber.  H.  amcncana  and  £'.  a  fait.  The  latter  was  iden¬ 
tified  as  kiruudotdes  by  Jeffries  i  1962b )  from  C.  B. 
Wilson's  1 1 ‘>32 1  account  of  the  genus.  This  is  wrong 
according  to  M.  S.  Wilson  ( personal  communication), 
who  kindly  identified  afiuis  in  samples  from  two 
Rhode  Island  estuaries.  Other  records  l :t  kiruudoides 
on  the  Hast  Coast  of  North  America  should  probably 
be  reilcsignated  afmu.  as  suggested  by  M.  S.  Wilson 
t  leaving  amcncama  and  kerdmami  as  the  only 

other  rtpresentatives  of  the  genus  in  this  region 
Structurally,  the  Rhode  Island  material  sent  to  M.  S. 
Wilson  rrseniNcd  cj^rimens  front  both  brackish  and 
fresh  waters  in  various  put's  of  the  United  States. 
Kngel  i  1962  i  recently  found  afmis  in  lake  T.rie,  the 
first  recorded  occurrence  in  the  ( ireat  Lakes  and  their 
closely  oemected  waters 

Kvett  though  the  mimaturr  stages  could  mg  be  dis¬ 
tinguished.  distribution  of  l-.uryttww**  adults  in  Rari¬ 
tan  Bay  showed  that  amuncami  outnumbered  afmu 
during  the  first  augmentation,  which  ritmdnl  through 
Kebniary  as  water  temperature  dropped  to  the  annual 
m  m  mum  (Fig.  4*.  £  afuis  then  began  to  prolifer¬ 
ate  in  gTeat  numbers,  overshadowing  the  previous 
amencama  gmer*;x«i  The  afmu  population  «n  the 
mouth  of  the  Haitian  River  ’Station  !  in  Fig  4i 
beeamr  denser  than  nt  the  more  saline  areas  (Sta¬ 
tions  5  and  ft!  Consespicnily.  romprtiiHjn  within  the 
genus  was  most  intense  in  low  -  salinity  water,  evpfam- 
ing  the  absence  of  a  second  nwnrMi  gentrst-nss 
Downbus  at  Station  5.  on  tie  course  of  the  net  ebb 
current  directed  ak-~»  tin-  «*»-rthcrr.  shore  i  Jeffries 
l%3li  afmu  did  -v  Stwe  >;uis-  so  abundant  a*  d 
did  m  the  head  the  Jus  and  imm cgma  persisted 
longer,  ikiikpmt.  *  ..i.:!1'  unos  pwraticsi.  In  an 
even  more  saline  -  •>:*  ’  t  the  mduenrr  oi 

afmu  c n  amencama  n  >•  -erne,  generatum  « as  iur. 
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•  Tabic  2.  Aspects  of  £*rytemora  populations  in 
Raritan  Bay,  New  Jersey.  Mean  bottom  temperature 
(*C.)  and  bottom  salinity  (%t)  1958.  Critical  ratios 
for  the  relative  abundances  of  afimis  and  amcricana 
are  indicated  in  boldface 


»PVCB,_-iya  acr 

Station 

ttv.  -Sate w-.y  .—  -ti 

Property 

1 

5 

6 

E.  amenvana — order 

of  last  occurrence 

1st  14  10) 

2nd  <4  24) 

3rd  (S  10) 

Bottom  temperature 
on  above  date* 

Rim  temperature. 

7.0 

122 

101 

spring 

114 

124 

116 

Mean  salinity,  spring 
Maximum  population 

16.5. 

jo* 

20.7 

tire  attained  ( total 
copepoditts  and 
nauplii  nv' 

20J.5nti 

117.100 

4S.460 

Relative  abuniUnces 

affinu  cott'ru  ana 

March  II 

0  ! 

0IJ 

0  t 

March  25 

ft  ! 

tl.tj 

0  i 

April  in 

1.67 

014 

045 

April  24 

I  n 

1J6 

ia< 

May  10 

1  o 

1  0 

).50 

May  JO 

1  ti 

I  0 

0  0 

I  her  reduced.  Herr,  both  species  produced  similar 
numliers  in  the  second  generation. 

Table  2  iurther  demonstrates  the  pattern  of  suc¬ 
cession.  It  started  in  the  head  of  Raritan  Bay  <  Sta¬ 
tion  I  i  in  early  April.  Weeks  later,  when  amt'ncama 
finally  disappeared  at  the  more  saline  downbay  Sta¬ 
tions  5  and  h.  the  water  had  warmed  considerably. 
(,unsev|uently .  succession  took  [dace  at  higbei  tem¬ 
peratures  near  the  mouth  of  the  hay  than  within  its 
inner  reaches.  Relative  abumtance  of  the  two  species 
immediately  before  the  disappra  ranee  of  amcrii amt 
suggested  an  interaction  with  the  rapidly  developing 
afims  pipulation  After  ihe  afirntt-arnsriiaiu  ratio 
increased  to  a  critical  figure  i  indicated  by 

bobl-iacr  lyt>e  in  Table  2  i.  i»mrri.*ifc-  was  no  longer 
seen.  This  ratio  was  attained  iei  April  10  m  ikr  head 
of  the  hay  and  successively  later  in  the  progressively 
more  saline  aieas.  Salinity  therein  tiamps  the  differ¬ 
entia)  effect  of  rising  teiii|crvturr  <*i  the  two  sjceies 
She  spread  of  casiul  succession  Ir  en  the  head 
of  the  Iwv  toward  the  «icean  did  not  a|>prar  rrlateil  to 
|4nhi;i|anllin  ri:strth«!ir*i  nor  dsnam.es  .VWiTa- 
■emu  <  I’jfj/iM  the  nnant  late  winter  diatom  in 
Raritan  Ray  i  I'.stten.  IWw’i.  was  extremely  abwMlant 
during  the  intrraeiom  prrtod  Similarls.  at  the  mouth 
of  the  has.  (■ersntence  of  ernes uamt  in  the  northern 
sector  *  Statute!  rl)  atter  it  had  disappeared  inm  the 
southern  sector  <  Staines  5  >  cse»W  not  be  r  V  1-la Iisrsl  bs 
the  tspr  nor  amount  ol  phsti^danitors  that  icrwml 
•hiring  thr  interaction  prr  od.  Lcflatyiimdru,  ,Jr»utu. 
JfiiMnWntu  tdtgfra  I  lW«in,'nr«  gn tufa.  lid  At- 
trooedla  wpeui  had  similar  erll  densities  in  hntfh 
sectors  during  the  rtiliol  ,srrKsf  from  April  (ft  to 


May  10.  laical  factors,  such  as  regional  differences 
in  currents,  flushing,  and  stratification,  apparently 
work  with  vernal  warming  and  the  spatial  distribu¬ 
tion  of  salinity  to  influence  the  rate  at  which  the  criti¬ 
cal  ratio  is  attained.  However,  the  hasic  mechanism 
is  not  understood 

A  schematic  representation  of  this  succession  of 
events  is  shown  in  F’igure  5.  The  four  diagrams  indi¬ 
cate  progressive  stages:  ill  the  initial  d  merit'll  no 
population  tlevelojis  in  the  head  of  the  estuary  anil 
spreads  oceanward:  1 2 1  afftnis  then  appears  in  the 
same  general  area  and  coni|irtes  with  amcmana 
i  Ji  ami'ricami  is  eliminated  from  low-salinity  waters, 
ami  interaction  enters  a  final  phase  in  the  more  saline 
area  near  the  mouth  of  the  emhayment ;  and  ( 4  i  suc¬ 
cession  is  complete,  leaving  tiffinis  throughout  the 
emhayment.  These  stages  take  place  from  December 
through  June.  In  late  spring,  following  stage  i4i. 
the  afimt  |>o|iulation  retreats  toward  the  inner  end 
of  the  estuary,  wiiere  salinities  of  from  5  to  15 
are  optimal  for  EmryU-mora  i  Jeffries,  l^vjfil.  W  hen 
summer  begins.  continuous  warming,  coupled  with 
changes  in  the  phytoplankton  from  a  predominantly 
diatom  community  to  a  chlorophyte- flagellate  associ¬ 
ation.  prohably  cause  the  rapid  deatl)  shown  in 
Figure  4. 

Tins  |>attem  lias  many  points  in  common  with  the 
-Uartia  interaction,  E.  anurnana  ami  .4.  claust  occur 
during  winter.  As  tetii|ieraturrs  rise,  the  second 
men.lier  of  each  pair.  /:.  a/fimu  ami  A.  toiisa,  aug¬ 
ments  near  the  inner  end  of  an  estuary  (.'oni|K-tition 
results  Irian  the  simultaneous  pro|>agati<ai  •>!  con- 
generic  sjieries.  The  "pioneer"  s|arcies  in  each  genus 
is  eliminated  because  the  successors  are  lictter  ailaptrt! 
to  low  salinity.  Dowiihay.  in  more  saline  waters,  this 
advantage  is  cancelled.  causing  a  dr’ v>  until  high 
letii|ieratiirrs  bring  about  succession.  Tuis  mecha¬ 
nism  insures  that  production  remains  high  at  the 
secnmlary  level  in  spite  of  drastic  thictuatnais  in  the 
phytoplankton 
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t  OMl’KTITION  BKTWKKX  ULOSFLY 
KKLATKI)  SPKtlKS  KKSUl.TIXti  IX 
KFFK'IKXT  UTILIZATION’  OF 
THK  BIOTOI’K 

A  successful  competitor  extracts  raw  materials  and 
energy  frcnit  the  envir-mment  with  greater  overall 
effectiveness  (hut  not  necessarily  gicater  efficiency 
in  a  metaliolic  sensei  than  the  loser.  The  mechanism 
used  to  exploit  an  environment  and  maintain  a  prod¬ 
uct  in  a  coni|K-titive  situation  is  hounded  by  two  ex¬ 
tremes,  applying  in  principle  to  a  manuiacturing  cor¬ 
poration  in  a  free  economy  as  well  as  to  a  po|nilation 
in  nature.  At  one  extreme,  the  system  conserves  raw 
material  and  processes  it  with  maximum  efficiency. 
At  the  op|x>site  extreme,  the  svstem  devours  basic 
substances  with  no  regard  lor  supply,  extracting  small 
amounts  from  large  quantities.  Somewhere  between 
these  extremes,  cost  of  su|>ply  and  efficiency  of  utili¬ 
zation  strike  a  balance.  Here,  the  successful  system 
achieves  maximum  effectiveness  or  optimum  effi¬ 
ciency.  For  example,  when  food  is  scarce  for  a  cope- 
|hxI  or  iron  ore  is  expensive  for  a  steel  mill,  efficiency 
should  lie  increased  to  obtain  the  optimum  balance ; 
when  raw  materials  are  abundant,  it  is  cheaper  to 
run  the  machinery  at  a  lower  efficiency  with  more  raw- 
materials.  In  a  manner  analogous  to  a  successful  cor- 
porution.  a  natural  imputation  achieves  the  halance  by 
a  "decision-making  process"  which  evolutionary  ex- 
|>erimcr  under  cumplex  conditions  has  proved  reward¬ 
ing.  From  the  stratification  of  phytoplankton.  Patten 
I  ldhda,  b>  deduced  a  "profit  motive”  related  to  maxi¬ 
mum  energy  gain  :  plankton  communities  exhibit  goal¬ 
seeking.  "the  goal  hemg  biomass  maximization". 

Thus,  a  balance  between  the  cost  of  acquisitum  and 
the  cost  of  uti!izat:'<n  results  in  maximum  power  out- 
|mt  from  the  niche.  According  to  Odum  ansi  Pinker¬ 
ton  i  IV55  i.  "natural  systems  tend  to  operate  at  that 
efficiency  which  produces  maximum  power  output". 
A  system  producing  a  lot  for  its  size  will  gam  the 
advantage  in  com|>ctitt<m.  Congeneric  pairs  of  spe- 
cios  ib>  exactly  this ;  they  extract  the  raw  materials 
ol  life  from  their  environment  with  minimum  waste. 
File  optimum  efficiency  for  (mwer  outJHil  in  a  rich 
environment  is  probably  quite  low  Consequently, 
svairccs  of  suiqdv  must  be  constant  as  wrll  as  abun- 
■  lant  But  they  are  neither  qualitatively  Ivor  quanti 
tativrlv  constant  in  an  estuarv  t  imgene-ric  asvici 
atis  canpeuvafr  for  this.  however.  hy  cieiijw-t:ng  for 
ciaimwm  resources  at  times  »f  live  year  when  the 
biotope  is  least  stable.  wasting  a  minimum  in  arquir 
mg  the  maximum  A  gi«»l  metis*!  of  acquisition  sup 
(dies  mciaLJic  machinery.  operating  at  a  relatively 
lux  efficiency  with  sufficient  raw  ntaterials  to  develop 
treinrmkwn  |»>wer  i  ml  put  t  vwvgenervc  assoevates  have 
Ism  preserves!  lhnmj*h  evolution  because  struggles 
for  a  ominKfl  rrusirrr  help  to  nvret  the  demands  of 
a. i  ex|<rr.sive  but  bights  adapted  nvetafsjisc 

llut'-hinwwv's  i  |U57  >  application  of  set  thes  rs  to 
da  niche  r-etcr|><  lurthrr  illustrates  the  way  .  «v 
Creme  asueialrs  drrivc  maximum  benefit  with  mm- 
mum  waste  m  acquisition  In  Patten's  il^txJi  IV Ha 


tion,  applied  to  the  phytoplankton  of  Karitan  Hay, 
the  physical  space  of  a  biotope,  fi ,  is  subdivided  into 
se)>aratr  portions  called  “realized  niches"  by  the  eco¬ 
logical  requirements  of  the  species  it  supports.  The 
hyjiersjiace  occupied  by  an  individual  of  a  species  r,  is 
±fl.  the  s|iecific  bioto|ie ;  thus,  the  total  space  occupied 
by  a  ptqmlation  with  n  individuals  is  The  "fun¬ 
damental  niche"  encloses  a  multidimensional  phase 
s|»ace  in  which  every  point  represents  some  need  the 
organism  places  upon  the  biotiqie  lor  its  continued 
existence.  Tlie  realized  niche  can  he  smaller  than  the 
fundamental  niche  when :  I  I )  the  biotope  is  marginal, 
or  ( 2  i  the  intersection  subset  of  points  common  to  /, 
and  Zj  is  sizable.  Competition  for  this  portion  of  the 
hiotrqie  terminates  in  the  elimination  of  one  species. 

Populations  shift  hack  and  forth  in  sjiare  and  abun¬ 
dance  as  seasons  change  and  long-period  cycles  exert 
their  influence.  Throughout  these  changing  condi¬ 
tions.  maximum  power  output  from  the  rcosystrm  will 
be  attained  when  the  specific  biotopes  add  up  to  the 
volume  of  the  entire  biotope,  that  is,  there  are  no 
interstices  or  void  spaces  going  to  waste  between  the 
specific  biotopes.  The  most  convenient  wav  to  mini¬ 
mize  the  chance  of  gaps  along  a  biotope  gradating 
from  marine  to  fresh  water  and  from  slimmer  to  win¬ 
ter  is  achieved  when  two  species  compete  for  a  niche. 
For  example,  when  a  seasonal  change  in  temperature 
slows  the  reproductive  rate  of  one  member  of  the  pair, 
diminishing  its  utilization  of  the  biotope  and  thereby- 
decreasing  its  overall  power  efficiency,  the  other  spe¬ 
cies  in  the  genus  rrspoub  to  conditions  that  have  now 
become  favorable  for  it  to  proliferate.  A  high  level 
of  production  is  thereby  maintained  in  the  richly 
endowed  yet  very  demanding  estuarine  environment. 

The  biotope  achieves  equilibrium  when  all  the  us¬ 
able  sites  are  occupied  i  Fatten.  19fx?i.  The  biotope 
universe  is  then  "perfectly  partitioned  into  non -over - 
la|q>tng  subsets  by  the  m  sjkcics  present."  and  thus : 

fi  -  5  s 

•  i 

Perfect  equilibrium  may  represent  the  limit  a  natural 
svstem  can  attain  in  grnrrat.iig  u  . r  Dominance 
by  congeneric  assvciatrs  is  the  most  practic'd  and 
efficient  way  to  achieve  niaxmtuni  (mwer  output,  from 
the  asjirct  of  suptdymg  raw  materials  to  living  sys¬ 
tems  It  i,  significant  that  nerilic  ami  es'uarinr  zt>- 
oplankton  show  the  pnvwrty  to  such  a  nv  rkevl  degree. 
Within  the  segment  of  the  Iwtiqw  available  to  filter- 
feeding  fixipianktim.  the  energy  sites  are  saturated 
with  organisms  m  spite  of  constant  environmental 
change 

Success  and  prescrsatnwi  of  congeneric  associates 
are  ultimately  the  expressions  of  seknrtive  pressures 
■  n  gvnetvc  mechanisms  When  a  single  gmetvc  com 
hmatun  nmld  not  prmidr  sufficient  variation  foe 
w  idr  w  ile  explintatnwi  of  tlve  mviriwvmcnf  and  stdi 
maintain  a  system  efficient  enough  to  c*qie  with  ram. 
prtitoti  additional  types  adapted  to  segments  of  the 
range  evolved  A  chain  of  rrlatrl  species  imputations 
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Fig.  6.  Ultraviolet  absorption  siiectra  of  sera  from 
Cancer  irroratus  and  C.  borealis,  1/100  dilutions  of  clear 
supernatant  from  centrifuged  samples,  1  cm  light  path ; 
maximum  absorbance  at  278  mp-  Typical  spectra;  crabs 
obtained  during  summer,  1962. 

resulted,  one  member  interconnecting  with  another 
along  the  axis  of  the  gradient.  Greater  opportunity 
for  continued  success  was  achieved  when  a  species 
was  able  to  diversify  genetically  throughout  a  hetero¬ 
geneous  environment  and  utilize  additional  portions 
of  the  total  biospace.  Genetic  variability  can,  there¬ 
fore.  increase  the  specific  biotope  and  power  output 
of  an  estuarine  species  to  a  marked  extent.  An  eco¬ 
logical  mosaic,  discussed  bv  Mayr  (  196,1 ),  is  formed 
by  the  spread  of  separate  genotypes  into  new  habitats. 
According  to  Ludwig's  (1950)  theorem,  a  newly 
formed  ecological  variety  fares  I  letter  in  a  newly  in¬ 
vaded  portion  <  t  the  biotope  than  it  would  in  the 
fundamental  niche  of  the  parent  species :  that  is.  in 
the  original  habitat  the  new  genotype  would  be  re¬ 
pressed,  but  in  the  absence  of  competition  in  another 
portion  of  the  environment,  it  would  prosper.  Pene¬ 
tration  Hi  inland  lakes  by  liurylcmora  affinis  might 
represent  radiation  of  this  sort.  liven  though  morpho¬ 
logically  similar  to  estuarine  specimens  from  Rhode 
Island,  freshwater  populations  may  have  a  different 
genotype. 

MKASl'RKS  OK  KCO LOGICAL  OIITT.KKXCK 

It  is  appropriate  to  consider  the  structural  chemi¬ 
cal.  anil  behavioral  differences  that  permit  coexistence 
under  various  environmental  conditions.  Si  uations 
in  nature  where  interactions  regulate  distribution  and 
abundance  arc  common.  Readily  measured  rates  and 


i|  densities  document  the  phenomenon,  but  these  num- 
j  hers  are  abstractions — gross  reflections  of  individual 
properties.  Subtle  differences  can  collectively  culmi¬ 
nate  to  make  one  species  perform  (letter  than  its  coni- 
'  petitor  in  a  particular  situation.  Slobodkin  ( 1962 1 
states:  “What  is  not  yet  clear  is  the  degree  of  ecologi¬ 
cal  difference  required  to  permit  coexistence,  and  we 
i  are  not  even  sure  how  this  difference  should  he 
measured." 

Measuring  these  differences  in  marine  copepods  is 
J  hard.  Maintenance  of  a  holoplanktonic  copeped  spe¬ 
cies  in  culture  has  not  been  reported.  Thus,  all  ex¬ 
perimental  laboratory  work  has  been  done  on  dying 
populations,  hardly  an  appropriate  system  for  study¬ 
ing  phenomena  intimately  associated  with  life.  In 
-  addition,  a  copepod’s  small  size  makes  many  physi¬ 
ological  approaches  impractical.  Phytoplankton  must 
be  grown  and  presented  in  living  condition,  a  further 
difficulty  complicating  practical  investigation.  A  tem¬ 
porary  expedient  that  may  tell  something  about  the 
problem  is  to  use  benthic  crustaceans. 

Several  comparisons  were  made  with  Cancer  crabs 
from  Narragansett  Hay.  Morphological,  physiologi¬ 
cal.  and  biochemical  characteristics  allow  the  two 
species  to  partition  the  environment  spatially ;  they  co¬ 
exist  on  distinctly  different  bottoms  in  the  same  gen¬ 
eral  area.  C.  borealis,  the  slow-moving,  heavy-clawed 
member  of  the  pair,  occurs  in  rocky  areas  where  it 
leads  a  reclusive  life  hiding  between  stones.  In  this 
habitat  it  is  admirably  suited  to  fight  a  defensive 
role  with  its  powerful  claws.  On  sandy  sediments, 
a  flat,  exposed  tract  requires  that  an  epibenthic  form 
possess  a  high  degree  of  mobility  to  scurry  in,  out. 
and  around  the  bottom  to  seek  food  and  escape  preda¬ 
tors.  ('.  irroratus  can  exploit  this  habitat;  it  has 
(1)  an  ability  to  walk  for  prolonged  periods:  (2) 
relatively  light  hut  efficient  claws  suitable  for  tearing 
tissues,  hut  not  sufficiently  heavy  to  cause  a  burden 
when  the  crab  is  fleeing;  and  (3)  high  concentrations 
of  serum  phosphate,  possibly  supporting  high  levels 
of  muscular  activity. 

The  sera  of  both  species  are  qualitatively  very  simi¬ 
lar.  Figure  6  shows  ultraviolet  absorption  spectra  of 
1  100  dilutions  in  distilled  water.  I  loth  species  have 
a  peak  at  278  iityi,  probably  caused  by  aromatic  amino 
acid  moieties  f Sizer  and  Peacock,  1947).  Souim  from 
liotll  species  was  lynphilized,  cast  in  KHr  pellets,  and 
examined  for  infrared  absorption.  Freshly  caught 
specimens  of  both  species  had  identical  spectra  (  Fig. 
7A.  U),  hut  a  crab  obtained  during  winter  and  held 
in  a  live-car  f  ir  a  month  produced  an  atypical  pattern 
(Fig.  7B>.  This  crab  also  had  very  low  serum  nitro¬ 
gen  and  an  abnormal  ultraviolet  spectrum,  showing 
greater  absorption  at  270  nifi  than  at  280  ill /i. 

Locomotor  abilities  of  the  two  species  were  com¬ 
pared  by  forcing  them  to  walk  for  prolonged  periods 
in  rotating  jugs.  Motor-driven  rollers  turned  a  12- 
gallon  jug  in  a  water  bath  at  2.7.1  rpm.  equal  to 
a  linear  distance  of  .1.45  m.'min.  Locomotor  ability 
was  determined  by  the  percentage  of  a  5-tnin  obser¬ 
vation  period  during  which  the  crab  actively  walked. 
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Overall  performances  for  96-hr  trials  were  compared 
by  calculating  integral  mean  activities.  C.  irroratus, 
the  s>>ecies  restricted  to  an  exposed  habitat,  had  in¬ 
tegral  mean  activities  from  5  to  more  than  1,000 
times  greater  than  borealis  (Fig.  8).  C.  irroratus 
walked  best  at  14°  C.  while  borealis  probably  had  a 
lower  optimum  near  6°  C.  The  difference  agrees  with 
distributions  in  nature.  Although  latitudinal  ranges 
of  the  two  species  are  the  same,  extending  from  New¬ 
foundland  to  Florida  (Rathbun.  1930),  irroratus  ap¬ 
pears  to  congregate  in  warmer  waters  than  borealis. 
In  keeping  with  the  generally  recognized  fact  that 
warm  temperatures  favor  osmoregulation  in  decapods 
(Williams,  1960;  Panikkar,  1940),  irroratus  is  also 
the  more  estuarine  member  of  the  pair,  especially  in 
the  southern  portion  of  its  range  where  it  penetrates 
lower  Chesapeake  Bay,  while  borealis  is  limited  to  the 
cooler  offshore  watei  \ 

In  Narraga.isett  Bay,  irroratus  rarely  strays  off  a 
sand  substrate.  If  borealis  and  perhaps  the  lobster, 
another  heavy-clawed  recluse,  could  be  removed  from 
the  hay,  irroratus  would  extend  its  range  from  sandy 
sediments  into  rough  bottom.  The  opposite  situation, 
removing  irroratus  from  the  bay,  might  no*  extend 
the  range  of  borealis  into  sandy  areas  unless  predatory 
fish  were  also  taken  away. 

Seasonal  change  and  major  events  in  the  life  cycle 
modify  this  relationship.  One  example  occurs  in  win¬ 
ter  after  the  major  portions  of  the  two  populations 
have  moved  offshore,  leaving  behind  weak  individuals 
with  low  serum  nitrogen  concentrations  and  one  or 
more  appendages  missing.  In  this  condition,  borealis 
moves  to  sardy  sediments  and  digs  in,  emerging  oc¬ 
casionally  to  feed.  With  the  exception  of  these  brief 
periods  of  activity,  low  winter  temperatures  keep  popu¬ 
lations  in  a  dormant  condition,  eliminating  interac- 


l  ig.  7.  Intiared  absorption  S|>cctra  of  lyophilized  i  on¬ 
cer  wra.  Crab  B,  tlie  middle  gtaph,  had  an  atypical  ul¬ 
traviolet  spectrum  showing  greater  absorption  at  270  opi 
than  at  280  nia. 


TEMPERATURE  IN  *C 

Fig.  8.  Relative  abilities  of  Cancer  irroratus  and  C. 
borealis  to  walk  for  prolonged  periods  at  various  tempera¬ 
tures.  Integral  means  summarize  individual  activity  de¬ 
terminations  during  a  96-hr  period ;  throughout  the  course 
of  an  experiment,  activity  was  measured  as  the  percent  of 
a  5-min  observation  period  during  which  the  crab  actively 
walked. 

tion.  During  early  spring,  molting  and  reproduction 
by  borealis  occur.  The  few  irroratus  overwintering  in 
the  bay  either  die  before  spring  or  do  not  molt.  By 
the  time  the  first  wave  of  irroratus  returns  from  the 
ocean,  borealis,  which  spent  the  winter  dug  into  the 
sand,  has  molted  and  moved  back  to  rocky  substrates 
where  it  will  he  joined  by  migrants  from  the  ocean. 
Perhaps  this  is  an  "escape  in  time”  (Slobodkin,  1962) 
during  the  winter,  but  more  important,  the  two  spe¬ 
cies  partition  the  fundamental  Cancer  niche  into  sepa¬ 
rate  realized  niches  during  the  important  phases  of 
their  life  cycles.  Low  temperature  may  favor  borealis 
in  winter,  but  sluggish  metabolism  at  this  time  pre¬ 
cludes  any  tendency  for  a  temperature-induced  in¬ 
stability  to  become  established  between  species. 

The  opposite  holds  for  the  Acartia  populations  as 
they  alternate  lietween  summer  and  winter  cycles  of 
abundance.  In  an  actively  mixed  wate*  column,  escape 
in  space  is  not  possible,  and  since  3-6  generations  of 
A.  tonsa  are  produced  from  late  spring  through  fall 
(Jeffries,  1962c).  the  jieriooicity  of  environmental 
fluctuation  is  considerably  longer  than  the  generation 
time.  As  a  result,  competition  leads  to  an  escape  of 
A.  clausi  in  time  until  early  winter,  when  A.  tonsa 
Itecomes  very  scarce  and  teui|HTatur<-  once  again 
favors  the  northern  member  of  the  genus. 
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Tlie  general  concepts  discussed  in  this  paper  are 
applicable  to  almost  any  ecological  situation,  and  not 
merely  to  estuarine  plankton.  The  data  I  have  avail¬ 
able,  however,  are  mostly  concerned  with  inshore  or 
estuarine  plankton,  since  most  of  my  experimental 
work  has  been  carried  out  in  that  sphere  of  study.  The 
basic  mathematical  models  are  not  new ;  they  have 
been  used  for  many  years  in  other  fields,  notably 
psychology  and  taxonomy,  but  only  very  recently  in 
ecology. 

When  an  old  model  is  applied  to  a  new  situation, 
it  is  almost  inevitable  that  some  adjustments  will  have 
to  be  made,  and  the  application  of  multivariate  analy¬ 
sis  in  ecology  is  very  much  in  its  infancy.  Suitable 
exploratory  data  are  not  always  easy  to  collect,  and 
theory  and  speculation  are  often  ahead  of  information. 

For  many  years,  quantitative  ecologists  have  sought 
means  of  digesting  complex  ecological  data  so  th»*  it 
can  be  interpreted  in  terms  of  communities  or  other 
ecological  units,  rather  than  as  individual  species. 
Broadly  speaking,  diversity  and  affinity  are  the  two 
approaches  to  this  problem.  The  diversity  approach 
has  been  used  in  terrestrial  ecology  by  many  workers, 
notably  in  the  famous  mathematical  model  of  Fisher 
<•/  al.  (1943),  though  Margalef  (1961)  seems  to  be 
among  the  few  who  have  successfully  applied  diversity 
indices  to  plankton  populations.  My  own  experience 
is  that  diversity  is  rather  difficult  to  interpret  in 
plankton  ecology,  because  the  index  is  very  sensitive 
to  the  influence  of  those  dense  monospecific  blooms 
which  come  and  go  rapidly.  Thus  a  diversity  index 
is  not  a  “conservative  property"  of  a  imputation  as  it 
has  appeared  to  l>e  in  some  terrestrial  work  (  Williams, 
1944). 

The  second  approach.  Iiased  on  affinity,  seems  to  be 
more  compatible  with  the  community  concept  in  ecol¬ 
ogy.  Eager  and  Mctiowan  ( 1 963 )  have  used  a  non- 
parametric  method  to  distinguish  “concurrent  groups” : 
that  is.  groups  of  s|>ecics  which  are  found  together  in 
the  same  sample  more  often  than  not.  This  method 
is  particularly  useful  for  large-scale  geographic  in¬ 
vestigation,  since  it  is  relatively  insensitive  to  vari¬ 
ations  in  the  quantitative  accuracy  of  samples,  so  that 
data  from  different  sources  can  !>c  synthesized.  My 
own  preference  has  l>een  for  quantitative  records  in 
which  the  actual  numbers  |>er  unit  s|>acc  of  each  se¬ 
cies  or  form  are  used  in  the  analysis.  I  also  prefer  to 
use  relatively  small  samples,  and  to  count  the  entire 
sample.  This  is  theoretically  satisfactory  if  one  as¬ 
sumes  that  rare  species  are  relatively  unimportant  to 


the  analysis.  However,  it  does  raise  the  difficulty  that 
a  species  which  is  numerically  rare  may  be  relatively 
large  and,  therefore,  abundant  in  its  contribution  to 
the  biomass. 

Diversity  and  affinity  analyses  arc  not  necessarily 
incompatible  methods  for  handling  the  same  set  of 
data.  Margalef  (1962)  and  I  (Cassie,  1961a)  have 
both  analyzed  some  plankton  data  collected  bv  Vittorio 
Touolli  for  Lake  Maggiore,  and  I  hojie  we  have  made 
useful  and  complementary  contributions  to  its  inter¬ 
pretation. 

MATH EMATICAL  MODELS 

The  response  of  organisms  to  ambient  variations 
in  the  physicochemical  properties  of  their  environment 
usually  seems  to  follow  on  exponential  relationship, 
Y  =  a  exp  (fix)  -F  i.  where  F  is  the  number  of 
organisms  per  unit  space,  x  is  a  physicochemical  prop¬ 
erty  of  the  environment,  a  and  f)  are  constants,  and 
*  is  an  error  term.  This  is  a  reasonable  sort  of  re¬ 
lationship  which  has  analogies  with  the  physical  laws. 
Thus,  for  example,  a  warmth-loving  animal  will  in¬ 
crease  its  reproductive  rate  in  a  warmer  location,  or 
increase  its  rate  of  immigration  to  a  warmer  location, 
and  hence  increase  its  numbers  by  a  fixed  pro|>ortion 
rather  than  by  a  fixed  number  for  any  given  increase 
in  tenqierature.  This  relationship  cannot  be  extrapo¬ 
lated  indefinitely  because  few.  if  any,  organisms 
can  live  in  boiling  water,  but,  within  the  normal  am¬ 
bient  range  of  the  temperature  equation  above,  it  is 
probably  true  more  often  than  not. 

Environments  are  seldom,  if  ever,  strictly  homo¬ 
geneous,  so  that  what  passes  for  a  uniform  body  of 
water  is  actually  a  mosaic  of  physical  properties,  all 
of  which  vary  continuously  and  randomly,  both  in 
space  and  time.  The  pattern,  though  random,  will  not 
l>e  wholly  indeterminate,  but,  if  measuring  techniques 
were  available,  it  could  lie  described  by  fixed  parame¬ 
ters.  For  example.  Liebermann  ( 1951 )  has  shown 
that  the  tenqierature  of  ocean  water  varies  continu¬ 
ously  with  a  mean  amplitude  of  the  order  of  ().04*C\ 
and  a  correlogram  which  decays  to  1  V  in  about  60 
cm.  Taking  the  whole  gamut  of  physical  properties 
and  conqmumling  the  effect  of  their  ambient  fluctu¬ 
ations  on  the  physiology  and  behavior  of  plankton, 
we  have  what  might  lie  dcscrib  as  a  “dispersion 
factor".  Generalizing  the  tenqierature  equation  ala  1  e, 
we  can  make  x  represent  this  factor.  Since  there  is  no 
absolute  scale  for  x,  it  is  convenient  to  treat  it  as  a 
standardized  deviate,  that  is.  to  make  the  mean  zero, 
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and  the  standard  deviation  unity.  The  spatial  scale 
presents  another  problem,  particularly  in  estuarine 
waters,  where  the  correlogram  may  not  present  the 
same  simple  exponential  decay  curve  as  in  the  o;>en 
ocean.  For  the  time  being  we  will  make  the  simplest 
assumption — that  .r,  being  composed  of  a  large  num¬ 
ber  of  small  random  factors,  will  be  normally  dis¬ 
tributed. 

If  the  dis|*ersion  factor  influences  the  plankton  in 
the  manner  of  the  above  equation,  it  may  l>e  shown 
that  the  actual  dis|>ersion  of  organisms  will  have  the 
negatively  skewed  distribution  commonly  described  as 
"log-normal”,  because  a  logarithmic  transformation 
is  necessary  to  convert  it  to  normal.  The  actual  dis¬ 
persion  will  not  be  exactly  log-normal,  because  of  the 
error  component,  <.  If  the  environment  is  the  only 
causal  factor  influencing  dispersion,  <  will  be  a  Pois¬ 
son  variate.  Both  the  log-normal  and  Poisson  com¬ 
ponents  arise  from  random  causes,  and  it  would  lx- 
reasonable  to  describe  both  of  them  as  random  dis¬ 
tributions.  In  dealing  with  small  samples,  the  sujier- 
imposition  of  these  two  patterns  produces  considerable 
statistical  difficulties  (Cassie,  1961b),  but  provided 
we  can  think  in  terms  of  relatively  large  numbers 
of  individuals,  the  Poisson  effect  can  be  ignored, 
and  I  will  do  so  for  the  remainder  of  my  discussion. 
The  term  "random  variation”  will  then  apply  to  the 
log-normal  distribution  induced  by  the  dispersion  fac¬ 
tor,  while  “determinate  variation”  will  refer  to  vari¬ 
ation  induced  by  non-random  changes  in  the  environ¬ 
ment,  taking  the  form  of  gradients,  discontinuities,  or 
a  combination  of  both. 

If  log  y  is  the  standardized  form  of  log  I',  we  find 
that:  log  y—x,  that  is.  the  standardized  log  trans¬ 
form  of  the  sample  count  is  an  estimate  of  the  disper¬ 
sion  factor.  The  log  transform  implies  that  a  given 
geometric  change  in  imputation  density  has  the  same 
significance  regardless  of  absolute  imputation  density. 


Pig  1.  Scatter  diagram  ol  the  distributions  of  two  cor¬ 
related  dispersion  factors  X.,  X,  representing  the  distribu¬ 
tion  of  two  s|iecirs  of  plankton,  and  sluming  tlie  two  new 
axes  fi  ft  derived  by  principal  component  analysis  (  From 
Cassie.  I**iJ). 


Standardization  implies  that  the  significance  of  a 
given  change  in  population  density  is  inversely  pro¬ 
portioned  to  the  overall  variability  of  the  s|>ecies.  The 
first  of  these  two  concepts  is  fairly  easy  to  accept ;  the 
second  a  little  less  so,  particularly  when  the  relative 
allocation  of  random  and  determinate  components  is 
in  doubt.  There  might  Ire  some  argument  for  using 
non-standardized  logarithms,  or  some  form  of  weight¬ 
ing  factors,  but  only  ex|>erience  will  tell  which  is 
most  effective. 

Since  the  most  |mwerful  ami  comprehensive  branch 
of  statistical  theory  deals  with  normal  distributions, 
it  is  appropriate  to  think  in  terms  of  the  transformer! 
rather  than  the  raw  data.  Having  derived  the  dis¬ 
tribution  of  an  individual  species,  we  must  now  look 
for  a  means  of  representing  a  "community”.  Whether 
the  mathematically  defined  community  will  correspond 
exactly  to  the  terrestrial  or  benthic  ecologist’s  concept 
remains  to  be  seen,  but  we  will  retain  this  as  an 
objective. 

Figure  1  shows  the  dispersion  factors,  -r|  and  .i._, 
l  estimated  in  practice  by  log  yt,  log  y3)  of  two  spe¬ 
cies.  Mathematically  it  is  almost  as  easy  to  consider 
three  or  more  species,  but  we  are  confined  to  two  di¬ 
mensions  for  graphic  representation.  The  normal  dis¬ 
tribution  still  exists,  not  only  along  the  .r  axes,  but 
along  any  linear  section  through  the  scatter  diagram. 
The  elliptical  envelope  enclosing  the  points  is  the  99 
l<ercent  probability  level.  We  could,  if  necessary,  draw 
a  whole  series  of  concentric  probability  contours  at 
other  levels.  If  the  two  species  were  distributed  inde- 
IH-ndently,  that  is.  if  they  belonged  to  two  separate 
communities,  the  envelop  would  he  circular.  As  it  is. 
the  s|>ecies  are  positively  correlated,  so  that  the  ellipse 
has  its  major  axis  timed  upward  to  the  right.  We 
thus  have  some  grounds  for  saying  that  the  two  s|>e- 
cies  form  a  single  community,  and  we  could  repre¬ 
sent  ffuctuations  in  the  density  of  this  community  by 
measurements  along  the  longer  axis  of  the  ellipse.  It 
is  not  clear  what  we  should  say  if  the  correlation  was 
negative,  hut  so  far  I  have  found  so  few  cases  of  nega¬ 
tive  correlation  that  the  problem  scarcely  exists.  If 
we  have  n  s|iecies  in  the  ecologies 1  complex,  these  can 
!>e  represented  by  an  imaginary  diagram  in  m  dimen- 
s  ons,  or  by  an  n  X  w  correlation  matrix.  By  princi|>al 
co»i|M>nent  analysis  I  Kendall.  1057)  we  can  define  a 
new  set  of  n  axes,  in  such  a  way  that  axis  1  is  the 
longest  ]>ossifile,  axis  the  next  longest,  ami  so  on. 
Kach  communitv  is  represented  In  an  axis.  We  could, 
of  course,  have  w  communities,  but  this  would  not 
simplify  our  data  at  all.  In  practice  some  of  the 
smaller  axes  contain  so  little  useful  information  that 
we  ran  ignore  them.  There  is  no  real  statistical  cri¬ 
terion  ol  how  many  axes  to  reject,  but  a  derision  ran 
usually  lie  made  on  the  basis  of  ho  vs  much  meaningful 
biological  information  is  contained.  The  mathematical 
description  of  an  axis  is  >bovv u  lielovv  by  a  "latent 
root"  and  a  “latent  vector"  : 


I  A  O  I  (.40  .40  56  .52  .02  .13 ) 

The  root.  .1.0.  measures  the  variance:  its  square  root 
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is  projiortioned  to  the  length  of  the  axis  between  given 
probability  levels.  The  original  x  axes  all  have  a 
variance  of  1,  so  that  this  particular  axis  represents 
three  times  as  much  information  as  would  be  given  by 
any  single  s]>ecies.  The  vector  elements  are  scaled 
that  the  sum  of  their  squares  is  1.  and  their  magni¬ 
tudes  with  respect  to  each  other  give  the  relative  im¬ 
portance  of  the  various  species  members  of  the  com¬ 
munity.  The  decision  as  to  which  of  the  species  can 
be  considered  dominant  members  of  the  community 
is  partly  subjective,  but  in  practice  I  have  found  this 
decision  fairly  easy.  For  example,  it  is  evident  tiiat 
species  1  to  4  are  dominants,  while  5  End  6  can  be 
ignored.  There  is  no  reason  why  any  species  should 
not  be  dominant  in  more  than  one  community,  but  it 
would  usually  seem  unnecess  .ry  to  use  more  dimen¬ 
sions  than  are  required  to  ensure  tint  no  species  re¬ 
mains  unassigned  to  at  least  one  ct  nniunity.  If  the 
physical  structure  of  the  environment  is  known  in 
sufficient  detail,  it  is  pc  ssible  to  establish  a  second 
significant  category  by  correlating  communities  with 
physical  factors.  Williamson  (1961)  found  that  in  a 
23-s|>ecies  complex  of  plankton,  four  comjionents,  or 
communities,  accoutred  for  83  percent  of  the  total 
variance,  and  that  three  of  these  four  components 
were  highly  correlated  with  known  hydrological  fea¬ 
tures  of  the  North  Sea. 

APPLICATION  TO  ESTUARIES 

How  does  the  foregoing  apply  to  an  estuarine  popu¬ 
lation?  Going  back  to  the  original  model,  we  find  that 
we  have  postulated  a  random  dispersion  factor.  The 
most  significant  physical  feature  of  an  estuary  is  the 
determinate  gradient  of  properties  between  river  and 
sea.  In  some  cases  there  may  also  be  abrupt  discon¬ 
tinuities  in  this  gradient  produced  by  the  interaction 
of  tides  and  topographical  features.  Such  discontinu¬ 
ities  produce  sampling  problems  because  they  arc  dy¬ 
namic  and  move  with  the  tidal  cycle.  Non-random 
features  such  as  these  cannot  be  thrown  indiscrimi¬ 
nately  into  a  random  model.  At  this  |x>int  we  are 
faced  with  some  of  the  difficulties  of  procedure  which 
I  have  previously  mentioned.  I  hi  ve  used  two  ap¬ 
proaches  : 

1.  To  i»ool  all  data  and  proceed  directly  with 
the  princi|>al  component  analysis,  leaving  the  ex¬ 
traction  of  determinate  e fleets  to  a  later  stage. 
This  is  a  risk;  procedure,  but  sometimes  it  works. 

2.  To  extract,  as  far  as  possible,  the  determi¬ 
nate  effects  from  the  raw  data  and  then  to  pro¬ 
ceed  with  principal  conqionciit  analysis.  At  pres¬ 
ent  this  separation  is  done  after  the  data  have 
liecn  collected,  but  it  ap|>ears  that  special  sam¬ 
pling  programs  may  be  necessary  to  achieve  the 
l>est  results. 

To  illustrate  the  two  methods.  I  will  give  the  ex¬ 
amples  of  Port  Nicholson  (Wellington  Harbor)  (Fig 
2 1  where  there  is  an  abrupt  transition  from  oceanic 
to  harbor  water,  and  IVIoms  Sound  ( Fig.  3  1  where 
the  gradient  of  salinity  and  related  properties  is  more 
gradual.  In  both  cases  sampling  commenced  at  the 


mouth  of  the  estuary  and  continued  in  approximately 
a  straight  line  towards  the  headwaters.  The  results 
of  the  two  principal  component  analyses  appear  in 
Table  1. 

We  will  refer  to  "forms"  rather  than  species,  lie- 
cause  in  some  cases  the  different  life  stages  of  the 
same  species  are  listed  separately.  Method  1  shows 
several  features  in  common  between  the  two  examples. 
Li  both  examples,  all  forms  can  he  represented  by- 
three  vectors,  and  (coincidentally)  the  roots  of  these 
three  vectors  represent  83  percent  of  the  total  vari¬ 
ance.  The  first  vector  shows  the  dominants  (in  bold 
type)  to  be  about  two-thirds  of  the  total  number  of 
forms,  and  the  root  is  about  half  of  the  total  variance. 
It  is  also  the  only  vector  showing  a  strong  negative 
correlation  with  salinity:  —0.9 2  for  Port  Nicholson 
and  —0.82  for  Pelorus  Sound.  The  second  and  third 
vectors  represent  two  single- form  communities  for 
Port  Nicholson,  and  two  two-form  communities  for 
Pelorus  Sound.  The  single-form  communities  in  Port 
Nicholson  are  interesting  in  that  both  of  them  are  al¬ 
most  entirely  independent  of  all  other  species,  as  well 
as  of  salinity.  This  is  quite  consistent  with  their  bi¬ 
ological  nature,  as  one  is  a  poly  chart  e  larva,  the  other 
a  shorter-lived  phytoplankton  bloom :  both  of  them  are 
relatively  ephemeral  members  of  the  plankton  and  they 
have  not  had  time  to  be  exposed  to  the  s..me  factors 
controlling  the  dispersal  of  the  |iermancnt  s|iecies. 
The  first  two-form  community  in  Pelorus  Sound  is  a 
fairly  obvious  association  of  the  adult  and  juvenile 
stages  of  the  same  species.  The  second  is  less  pre¬ 
dictable.  since  it  contains  two  entirely  different  tax¬ 
onomic  groups,  a  polychaete.  and  a  cirri|iede:  the  only- 
common  feature  is  that  both  are  larvae  of  sedentary 
species. 

In  the  second  method,  the  determinate  effects  are 
removed  by  converting  the  zero-order  correlation  ma¬ 
trix  to  a  partial  correlation  matrix,  independent  of 
salinity  for  Port  Nicholson,  and  independent  of  salin¬ 
ity  and  temperature  for  Pelorus  Sound.  Of  the  latent 
vectors,  only  the  first  seems  meaningful  for  our  pres¬ 
ent  discussion.  In  both  cases  the  latent  root  has  been 
substantially  reduced,  but  the  same  elements  arc  still 
recognizable.  For  Port  Nicholson  we  find  exactly  the 
same  four-form  community  as  before,  indicating  that, 
although  salinity  [  eference  is  one  factor  uniting  these 
forms,  there  are  other  common  factors  even  when  the 
salinity  effects  are  removed.  We  cannot  decide  what 
these  factors  are  without  further  information — they 
may  he  environmental  or  they  may  be  a  direct  bi¬ 
ologic.-1!  association  between  the  forms.  For  Pelorus 
Sound  the  situation  is  a  little  different.  The  first  vec¬ 
tor  now  combines  the  nine  forms  which  were  pre¬ 
viously  divided  between  the  first  two  vectors.  The 
two  forms,  previously  appearing  as  dominants  in  the 
second  vector,  are  adults  and  capepodites  of  Paraea- 
/<jft ms  partus.  All  but  two  of  the  seven  forms  from  the 
original  first  axis  are  coprj>oJ  adults  and  larvae.  I 
have  found  in  previous  investigations  that  Paraca- 
Ion  us  usually  is  most  abundant  m  higher-salinity 
water,  in  contrast  to  the  other  species  which  are  utu- 
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will  inevitably  form  a  distinct  community,  at  least  in 
the  terms  of  our  mathematical  definition.  The  affinity 
with  other  cope|>ods  remains,  hut  is  masked  by  the 
predominant  salinity  effect. 

It  is  often  a  useful  expedient  when  interpreting 
complex  data  to  present  the  information  in  graphic 
form.  In  a  multivariate  distribution  it  is  not  (Kissihle 
to  present  all  the  information  in  a  single  two-dimen¬ 
sional  graph.  However,  in  the  two  examples  ( using 
the  first  method )  two-thirds  of  the  information  is 
contained  in  the  first  two  vectors,  and  this  information 
may  be  plotted  as  a  scatter  diagram  (Rao,  1952). 
Owing  to  the  influence  of  non-random  factors,  the 
scatter  of  points  cannot  be  contained  within  any  single 
elliptical  envelope  ( Figs.  4  and  5).  There  is.  however, 
a  clustering  of  points  into  distinct  groups  of  approxi¬ 
mately  elliptical  shape.  For  Port  Nicholson  (  Fig.  4) 
there  are  three  such  clusters,  corresponding  respec¬ 
tively  to  samples  1-34,  35-45,  and  46-60.  Cluster  2  is 
attributable  to  a  discontinuity  along  the  second  ((2) 
axis  and  can  be  traced  to  a  swarm  of  Polydora  larvae 
embracing  these  samples.  Along  the  first  (ft)  axis, 
clusters  2  and  3  overlap  considerably  and  can  be 
treated  as  a  single  cluster  which  is  entirely  separate 
from  cluster  1.  The  discontinuity  between  samples  34 
and  35  can  be  traced  to  the  boundary  between  oceanic 
and  harbor  waters. 

In  Pelorus  Sound  there  are  no  such  natural  hound- 


Fig.  2.  Locality  mail  showing  the  position  of  samples  in 
Port  Nicholson.  Dots  indicate  the  beginning  and  end  of 
samples,  and  the  lines  joining  them  represent  the  course 
of  the  ship.  Circled  dots  are  radar  fixes  ( From  Cassie. 

I960) 

ally  located  inshore  and  are  associated  with  lowered 
salinities.  This  has  recently  been  confirmed  in  a  |>er- 
sonal  communication  by  Jillett  of  the  Zoology  De¬ 
partment.  I’niversity  of  Auckland,  working  in  Auck¬ 
land  Harbor.  1‘aracalanus  is  known  as  an  oceanic 
species  and  is  only  an  occasional  visitor  to  harbor 
waters.  It  is  relatively  common  in  these  two  estuaries, 
mainly  because  Ixith  open  almost  directly  into  the  deep 
oceanic  waters  of  Cook  Strait,  w  ith  little  intervening 
continental  shelf.  Though  ParaetiUtnus  and  the  other 
co|k*|mx1s  have  different  reactions  to  salinity,  it  seems 
that,  tierhaps  because  of  their  taxon  inuc  relationship, 
all  have  similar  reactions  to  other  factors 

Which  is  the  correct  answer — the  first  or  the  sec¬ 
ond  method?  I  uel  that  neither  is  completely  right 
or  wrong  and  that  both  give  useful  and  complementary 
information.  This  emphasites  that  a  community  can¬ 
not  lie  reliably  defined  without  reference  to  the  nature 
and  extent  of  the  environment  Within  a  body  of 
water  either  of  uniform  salinity  or  of  such  small 
dimensions  that  salinity  changes  arc  slight.  Param- 
lilHtfS  might  lie  indistinguishable  from  the  general  y  Locality  map  slmwing  the  |»ositioii  of  samples 

co|ie|>od  community.  However,  when  the  survey  area  m  |'r|orus  Sound.  The  circles  represent  fixes,  tak-.-n  at 

contains  h«ith  oceanic  and  harbor  waters  of  suliicinitl'  every  tenth  sample  The  muting  "f  I’clorus  Sound  is 

contrasting  properties,  the  senn -oceanic  Pareralanus  adjacent  to  arrow 
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Table  1.  Latent  roots  and  vectors  from  a  principal 
conijMinent  analysis  of  correlation  matrices  of  log 
transformed  plankton  counts  from  samples  in  Port 
Nicholson  and  I’elorus  Sound,  New  Zealand.  In 
Method  1,  roots  and  vectors  are  computed  from  zero- 
order  matrices :  in  Method  2,  from  partial  correlation 
matrices  independent  of  salinity  ( and  of  teni|>erature 
for  I’elorus  Sound  >. 


Port  Xichnlson 


Latent  Roots: 

Method  1  Method  2 

Latent  Vectors 

3.0  1.0  1.0 

1.8 

1.  Paracalanus  parvus 

.40  -.10  -.04 

.57 

2.  lilminius  moaesius  nauplii 

.49  .01  -.12 

.32 

3.  Oilhona  similis 

.56  -.02  -.04 

.59 

4.  Coscinodiscus  uirilesii 

.52  .01  -.04 

.43 

5.  I’olydora  polybranchiala 

larvae 

.02  .99  -  .13  - 

-20 

6.  Mrlosira  yranulala 

.13  .13  .96  - 

-.01 

r. 

-.92  —.06  .09 

Pelorus  Sound 

Latent  Roots  : 

Method  1  Method  2 

Latent  Vectors 

63  1.7  1.1 

4.6 

1.  Paracalanus  parvus  adult 

.18  .64  .02 

.38 

2.  Paracalanus  parvus 

copepodites 

.17  .61  -.16 

.34 

3.  Femora  lurbituila  adults 

.36  .04  -.03 

.38 

4.  Femora  lurbinala 

copepodites 

.36  -20  -.08 

.23 

5.  Temora  lurbinala  nauplii 

.34  -26  -.17 

M 

ft.  .Icarlia  clausi 

.32  -.12  -.19 

.40 

7.  liuterpino  aculifrons 

.38  -.07  -.17 

.JO 

8.  Coscinodiscus  t vailesii 

.33  .08  -.14 

.35 

9.  Mytilus  canaliculus  larvae 

.34  -.02  -.11 

00 

10.  Polydoca  polybranchiala 

larvae 

.26  -  .23  .50 

.05 

11.  lilminius  modcstus  nauplii 

.16  .16  .77 

.33 

r. 

-.82  .39  -.17 

aries  defined  by  the  salinity  or  tcmjterature  pattern, 
hut  there  is,  nevertheless,  a  clustering  of  |H>ints  in  the 
diagram  (  Fig.  5).  Only  in  clusters  2  and  3  do  two 
consecutive  clusters  overlap,  and  even  here  there  is 
no  difficulty  in  distinguishing  the  two.  Thus  there 
appear  to  Ik-  four  natural  boundaries  in  the  plankton 
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I'tg  4  Scatter  diagram  showing  llte  vam|dmg  distrihu- 
ti<a»  (,  {,  for  tlic  first  two  latent  vectors-  Port  Nicholson 
The  jioints  fall  into  three  distinct  clusters  1,2  and  J 


Fig.  5.  Scatter  diagram  showing  the  sampling  distribu¬ 
tions,  {j  and  fi  for  the  first  two  latent  vectors — Pelorus 
Sound.  The  points  fall  into  five  clusters:  1-5. 


distribution  which  are  not  reflected  by  any  obvious 
hydrological  discontinuities.  The  salinity  pattern,  for 
example,  though  irregular,  follows  the  same  general 
trend  throughout.  Whether  this  "stepped”  condition 
of  the  plankton  population  is  attributable  to  some  un¬ 
known  environmental  factor,  perhaps  to  some  past  hy¬ 
drological  condition  which  has  since  vanished,  must 
remain  a  matter  for  speculation. 

CONCLUSION 

i  have  shown  only  one  method  of  eliminating  deter¬ 
minate  factors  from  the  distribution — by  partial  cor¬ 
relation  on  known  environmental  factors.  But  some¬ 
times  this  method  fails  because  the  environment  is  not 
sufficiently  well  mapped  and  other  expedients  must  be 
adopted.  The  fitting  of  artificial  trend  lines  may  be 
appropriate  in  some  cases,  but  the  application  is 
limited  because  many  non-random  trends  are  so  com¬ 
plex  that  they  cannot  be  fitted  except  by  unrealistically 
high-order  jmlynomials.  Here  serial  correlation  meth¬ 
ods  may  help.  I  am  investigating  this  possibility,  but 
this  leads  into  a  rather  esoteric  field  of  statistics  with 
features  almost  identical  with  time-series  analysis, 
which  often  Iwffles  even  the  professional  mathemati¬ 
cian. 

Although  complex  sampling  programs  at  sea  pre¬ 
sent  considerable  technical  difficulties,  it  may  still  lie 
lietter  to  develop  these  specialized  programs.  I  have 
recently  cx|ierimetited  with  a  plan  hv  which  each  sam¬ 
ple  t>  replicated  ten  times,  and  thus  a  correlation  ma¬ 
trix  can  he  computed  for  each  set  of  10  suhsamplrs. 
The  matrices  for  all  samples  are  then  |molcd  and  sub¬ 
jected  to  principal  component  analysis  If  replication 
is  adequate,  the  vectors  so  ilenved  will  lie  independent 
of  determinate  trends.  Imt  their  origins  will  vary  from 
sample  to  saniptr  and  will  reflect  the  pattern  of  these 
trends.  Thin  the  |»attern  oi  change  of  one  or  more 
comiminities  can  l>c  charted,  even  if  it  cannot  hr  ac¬ 
counted  for  by  any  s|>rcilic  mathematical  model 

lulkor's  Sole  I  am  n*it  the  first  to  use  mult. variate 
methtsls  for  ecological  (Kirposcs  Other  work*,  not  mrtt- 
tmnril  m  the  test,  which  have  helped  to  insptrr  the  present 
cisitrihutiim  inrluiie  (inodall  t  1954 1  i  plant  ecology  1.  Key- 
mrnt  i  l*Wl  i  ji»le<ec<4igy  >.  and  William*  and  l.amhert 
flO.Wi  (plant  ecology -  using  rust-parametric  methods! 
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Most  of  my  ideas  on  this  subject  were  developed  while  1 
was  on  the  staff  of  the  New  Zealand  Oceanographic  In¬ 
stitute.  Department  of  Scientific  and  Industrial  Research. 
Thanks  are  due  to  the  Director  and  all  members  of  the 
sUff  who  have  collaborated  with  me,  and  to  the  Kditor, 
New  Zealand  Journal  of  Science,  for  permission  to  re¬ 
publish  Figures  1  and  2. 
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Laboratory  Analogues  of  Estuarine  Plankton  Systems 

RAMON  MARGALEF 
Institute  of  Fishery  Research,  Barcelona,  Spain 


The  purpose  of  laboratory  analogues  is  not  to  dupli¬ 
cate  or  imitate  nature,  but  to  have  simple  situations 
that  make  it  easv  to  identify  operational  mechanisms, 
first  in  the  ex|terimeni  and  later  in  nature.  Useful 
data  on  the  ecology  of  estuarine  populations  can  be 
gathered  through  the  customary  flask  culture,  in  which 
selected  organisms  are  grown  under  different  condi¬ 
tions  of  water  quality,  water  turbulence,  temperature, 
and  light;  the  experimenter  records  the  rates  of 
growth  and  tries  to  find  correlations  with  nutritional 
and  other  factors. 

Hut  the  experimental  approach  must  vary  with  the 
focus  of  interest.  We  may  Ire  more  interested  in 
clouds  than  in  the  behavior  of  definite  molecules  of 
water  or  of  atmospheric  gases ;  we  may  be  more  in¬ 
terested  iti  plankton  patches  than  in  the  destiny  of 
particular  algal  cells.  In  this  paper  we  are  more 
interested  in  the  estuary  as  a  phenomenon  in  space 
than  in  the  Ij.fe  and  behavior  of  its  individual  in¬ 
habitants. 

The  design  of  the  experiments  reported  here  started 
from  the  consideration  of  estuaries  as  self- regulatory 
systems.  A  promising  approach  was  the  substitution 
of  ordinary  flask  cultures  by  flow  cultures,  where  sta¬ 
tionary  populations  are  the  expression  of  equilibrium 
in  dynamic  processes  that  are  made  more  or  less  in¬ 
dependent  of  time.  The  vessels  in  a  system  of  flow 
cultures  are  like  a  frame  of  geographic  coordinates, 
that  is,  a  rigid  reference  for  the  study  of  populations. 
The  populations  themselves  are  transient  or  stationary 
states,  and  express  the  processes  of  cell  multiplication, 
diffusion,  and  flow. 

The  immediate  purpose  of  these  experiments  was  to 
understand  the  particular  quantitative  values  found  in 
estuaries,  or  in  analogous  situations,  of  certain  charac¬ 
teristics  pertaining  to  the  structure  and  function  of 
ecosystems.  The  selection  of  parameters  to  be  used 
in  the  study  of  mixed  populations  or  communities  is 
dependent  on  the  purpose  of  ihe  worker ;  an  assess¬ 
ment  of  resources  calls  for  estimates  of  biomass  and 
projects  of  exploitation  need  an  estimate  of  produc¬ 
tion.  In  any  consideration  of  the  ecosystem  as  a  cy- 
liernetic  system,  one  has  to  overvalue  certain  syn¬ 
thetic  and  dynamic  properties  that  include  some  ref¬ 
erence  to  time,  as  time  rates  (primary  production  per 
unit  of  total  biomass),  or  as  structures  resulting  from 
historical  developments  (biotic  diversity  of  popula¬ 
tions;  or  plant  pigment  diversity,  expressed  in  prac¬ 
tice  by  the  ratio  of  the  absorbancies,  at  the 

stated  wavelengths,  and  of  acetone,  extracts’). 


THE  CHEMOSTAT 

A  chemostat  is  a  culture  vessel  where  conditions 
remain  constant,  traversed  by  a  continuous  flow  of  a 
medium.  The  principle  and  theory  of  the  chemostat 
have  been  discussed  by  several  authors.  The  follow¬ 
ing  are  a  few  especially  useful  references :  Bolder, 
1960;  Herbert,  1961;  Monod,  1950;  Novick,  1959; 
Novick  and  Szilard,  1950;  Pfennig  and  Jannasch, 
1962;  Watts  and  Harvey,  196,5. 

In  a  chemostat  the  population  is  suspended  in  a 
constant  environment  that  can  lie  selected  or  changed 
at  will.  The  density  of  the  population  is  controlled 
by  a  density-dependent  factor.  The  culture  vessel  re¬ 
ceives  a  constant  input  of  fresh  medium  of  definite 
composition,  and  the  same  amount  of  the  well-mixed 
contents  of  the  vessel  is  taken  away.  Losses  of  the 
population  are  proportional  both  to  the  flow  and  to 
the  density  of  the  population.  The  rate  of  growth  de¬ 
creases  with  increasing  density ;  in  consequence,  their 
combined  effects  are  density-dependent  and  effective 
in  regulation.  ; 

Let  N  be  tine  density  of  the  population,  r  the  rate  of 
growth,  and  F  the  flow,  that  is,  the  fraction  of  the 
total  volume  of  the  culture  that  is  exchanged  in  unit 
time.  In  stationary  state  we  should  have 

N  =  N  c'  -  F  N 

r  =  log r  (I  +  F)  . 

The  regulation  of  the  population  density  is  very 
noticeable  in  a  simple  chemostat  with  a  unialgal  cul¬ 
ture.  When  flow  (=  exploitation,  =  exchange)  is 
increased,  the  ratio  of  production  to  biomass  must 
become  higher,  since 

production/biomass  =  er  —  1  =  F . 

This  is  a  relation  of  fundamental  importance  in  gen¬ 
eral  ecology  and,  of  course,  in  the  ecology  of  estuaries. 

If  we  have  a  chemostat  in  a  steady  state,  and  the 
light  or  nutrient  input  is  reduced  or  the  rate  of  flow  is 
increased,  the  value  of  r  in  a  unis|>ecific  culture,  or 
of  any  of  the  sjiecies  in  a  mixed  culture,  can  become 
insufficient  to  cope  with  exploitation.  If  such  a  situ¬ 
ation  develops,  biomass  will  decrease  until  a  new 
stationary  level  is  reached,  or  until  the  population 
vanishes,  and  the  ratio  of  production  to  biomass  al¬ 
ways  goes  up  until  the  last  moment.  If  the  species  be¬ 
comes  extinct,  it  can  be  said,  l>ecnuse  of  the  conditions 
of  the  experiment,  that  its  potential  turnover  was  too 
low  to  allow  the  passage  of  a  certain  energy  flow. 
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estuaries:  ecology  and  populations 


Conditions  of  competition  in  a  cheniostnt  vessel  may 
lie  practically  reduced  to  differences  in  tlie  rates  of 
increase  in  definite  conditions.  Since  it  is  highly  im¬ 
probable  that  two  organisms  will  have  exactly  the 
same  rates  of  increase,  a  chemostat  inoculated  with  a 
mixed  culture  usually  leads  to  a  unispecific  population, 
demonstrating  Cause’s  law.  The  situation  is  more 
complex  if  the  issue  of  competition  is  not  decided  by 
prolificness  alone. 

The  merits  of  the  chemostat  for  the  simulation  of 
situations  found  in  estuaries  increase  when  several 
chemostats  are  connected  in  a  row,  so  that  the  out¬ 
flow  of  the  first  chemostat  is  the  inflow  of  the  second, 
and  so  on.  We  can  describe  such  a  device  as  a  com¬ 
pound  chemostat.  Malek  (1952)  and  others  have  de¬ 
scribed  such  devices.  The  writer  has  been  using  com¬ 
pound  chemostats  for  several  years,  with  very  stimu¬ 
lating  results,  of  which  only  a  short  account  of  a 
particular  experiment  has  been  published  (Margalef 
and  Ryther,  1960). 

Like  a  single  chemostat  vessel,  under  constant  en¬ 
vironmental  conditions  a  system  of  many  vessels  ap¬ 
proaches  a  stationary  state.  The  basic  expression  for 
equilibrium  resembles  the  one  for  the  simple  chemo¬ 
stat,  except  that  the  loss  of  cells  due  to  the  flow  is 
not  dependent  on  the  density  attained  in  the  particular 
vessel  under  consideration  (AT(),  but  of  the  difference 
between  this  density  and  the  density  in  the  preceding 
container  (iVj.j), 

AT,  =  Nt  c'  -  F  (Nt  -  N,.t)  . 

The  composition  of  medium  remains  constant  in  time, 
changing  in  a  progressive  and  directional  way  in 
space.  Going  from  one  flask  to  the  next,  the  concen¬ 
tration  of  nutrients  decreases  and  metabolites  accumu¬ 
late. 

The  theoretical  limit  in  the  construction  of  a  linear 
compound  chemostat  would  be  the  substitution  of  a 
series  of  flasks  by  a  simple  tube  of  uniform  diameter, 
the  ideal  analogue  of  a  river  or  of  a  layer  in  an  estu¬ 
ary.  The  writer  has  experimented  with  plastic  tubes 
up  to  40  m  long,  but  it  has  been  found  that  such  a 
device  is  less  convenient  than  a  multichambcred  chem¬ 
ostat.  First,  a  flow  system  divided  into  chambers 
separately  stirred  and  interconnected  by  rather  nar¬ 
row  tubes  is  more  appropriate  for  sampling  purposes. 
Second,  under  conditions  of  laminar  flow,  any  sus¬ 
pended  population  is  washed  away.  The  turbulence 
in  the  model  made  up  by  a  row  of  chambers,  sepa¬ 
rately  stirred  and  with  exchange  in  one  direction,  is 
more  easily  understood  and  managed  by  the  biologist 
not  familiar  with  hydrodynamics. 

Any  system  of  chemostats  affords  an  ideal  way  for 
mapping  time  series  into  space ;  going  down  the  row 
of  flasks  is  equivalent  to  progressing  along  an  eco¬ 
logical  succession. 

We  may  speculate  about  how  to  construct  an  ideal 
chemostat  for  the  study  of  plankton  populations.  It 
might  consist  of  any  high  number  of  culture  vessels, 
to  be  interconnected  in  topological  relations  proper 
for  forming  a  tridimensional  lattice.  An  appropriate 


control  of  the  flow  of  liquid  between  the  separate  cul¬ 
ture  chambers  could  be  attained  by  using  tubes  of 
elastic  material.  Such  tidies  would  act  as  elements  of 
peristaltic  pumps.  The  adequately  programmed  pumps 
could  forward  the  liquid  in  either  direction  and  by 
this  mechanism  the  effects  of  turbulent  mixing  could 
be  simulated  by  pumping  fluid  from  one  vessel  to  an¬ 
other,  stirring,  pumping  the  same  volume  back  again 
to  the  first,  and.  so  on.  One  can  recognize  the  interest 
of  a  big  system  of  about  10  X  10  X  10  vessels,  every 
one  with  appropriate  conditions  of  light  and  tempera¬ 
ture.  It  would  be  possible  to  lead  into  a  given  vessel, 
representing  a  point  in  a  tridimensional  system,  a 
continuous  flow  representing  a  local  upwelling  or  a 
spot  source  of  nutrients.  It  would  also  In.*  possible  to 
program  the  exchanges  between  the  different  vessels 
according  to  selected  conditions  of  flow  and  turbu¬ 
lence,  and  wait  for  a  steady  state.  We  could  gain  a 
dynamic  insight  on  how  spatial  patterns  develop. 
Such  an  approach  is  contemplated,  but  enthusiasm  has 
been  somewhat  dampened  for  reasons  explained  later. 
The  presence  of  walls  soon  becomes  a  nuisance. 

THE  CHEMOSTAT  UNIT 

After  considerable  trial  and  error,  the  unit  now  in 
use  is  satisfactory  for  many  purposes  (Fig.  1). 

The  compound  chemostat  is  assembled  from  stand¬ 
ard  units.  The  elementary  flasks  are  conical  and  500 
to  600  ml  in  capacity.  The  fluted  sides  increase  turbu¬ 
lence  when  the  contents  arc  stirred.  At  a  level  con¬ 
taining  a  volume  of  300  to  400  ml.  there  are  one  or 
two  simple  inlets,  with  ground-glass  receiving  joints. 
An  outlet  that  starts  above  the  bottom  as  a  tube  ends 
with  a  tapering  male  glass  joint.  High  above,  an¬ 
other  opening  equilibrates  the  atmospheric  pressure. 
The  contents  of  every  vessel  can  be  stirred  magneti¬ 
cally,  using  iron  bars  covered  with  Teflon. 

Two  types  of  ground-glass  stoppers  have  been  used : 
simple  or  with  conduction.  The  stoppers  of  the  last 


Fig.  1.  The  glass  vessel  used  as  a  unit  in  the  assembly 
of  compound  cliemostats.  It  is  represented  with  the  hol¬ 
low  conducting  stopper  connected  to  the  feeding  system. 
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type  are  tollow,  have  an  inflow,  an  interior  vertical 
outlet  ma.le  ol  small-lxire  tulte  f  about  0.7-0.9  nun 
diameter)  and  an  emergency  overflow  that  serves  to 
equilibrate  atmospheric  pressure  and  to  allow  the  ac¬ 
cumulated  liquid  to  escape,  in  case  the  smalt-bore 
tuhe  should  become  stopped  up.  The  chamber  in  the 
hollow  stopper  provides  a  hotter  equilibration  of  the 
temperature  of  the  medium,  when  necessary.  The 
small-bore  tube  insures  a  slow  incorporation  of  the 
fresh  medium  to  the*  contents  ol  the  culture  vessel. 
The  discontinuous  feeding  mechanism  tills  the  stop] ter 
from  time  to  time,  but  the  passage  ot"  the  liquid  from 
the  interior  of  the  stopper  to  the  culture  vessel  ap¬ 
proaches  or  attains  continuity.  The  end  of  the  small- 
lxire  tube  lies  high  above  the  level  of  the  culture 
medium  to  prevent  any  ascending  contamination. 

The  culture  vessels  can  Ik*  sterilized  separately  after 
closing  the  lateral  openings  with  stoppers  or  by  using 
connecting  segments  with  taps.  The  units  can  he 
assembled  in  rows  or.  in  more  complex  patterns  that 
include  convergences,  there  is  a  provision  for  flasks 
with  two  inlets  and  one  outlet.  In  these  ex(ierimcnts 
the  flasks  have  always  l>een  placed  at  the  same  level, 
and  are  connected  by  the  simple  glass  joints.  A  cer¬ 
tain  amount  of  diffusion  and  contamination  “upstream” 
has  been  permitted,  as  in  natural  systems.  But  no 
elaborate  equipment  is  required  for  making  tbc  ex¬ 
change  between  successive  flasks  rigorously  unidi¬ 
rectional  ;  it  suffices  to  insert  s|>ecial  connecting  pieces 
and  place  the  flasks  at  different  levels. 

The  special  hollow  stoppers  used  as  inlets  of  fresh 
medium  are  inserted  at  the  head  of  the  rows,  or  in 
an  intermediate  position,  if  the  effect  of  a  dilution  or 
a  special  addition  in  definite  stages  of  the  develop¬ 
ment  of  a  population  is  to  be  investigated.  The  other 
flasks  receive  simple  stoppers. 

The  feeding  mechanisms  give  considerable  trouble, 
Itecause  they  must  resist  sterilization.  A  discontinu¬ 
ous  mechanism  is  much  simpler  to  construct  and  is 
more  reliable  than  a  continuous  feeding  system.  Sole¬ 
noid-operated  valves  in  connection  with  automatic 
measuring  burettes  have  been  tried  and  rejected. 
Long  segments  of  capillary  tubes  also  have  been 
tested  as  flow  regulators,  hut  without  satisfaction. 
Slow  peristaltic  pumps  seemed  promising,  but  they 
are  expensive.  Finally,  a  very  sturdy,  sure,  and  cheap 
device  was  adopted.  Two  glass  valves,  each  one  con¬ 
sisting  of  a  ground  tajiered  plug  in  its  casing,  are 
connected  by  a  piece  of  elastic  tubing.  The  whole  is 
made  sterile  easily,  together  with  the  reservoirs  of 
fresh  medium.  An  electromagnctically  activated  pusher 
compresses  the  elastic  tui>e  and  the  whole  acts  as  a 
pump.  Selecting  the  diameter  and  the  length  of  the 
compressible  segment  makes  it  possible  to  determine 
approximately  the  amount  of  fluid  displaced  at  each 
stroke,  but  it  is  a  difficult  trick  to  make  it  coincide 
with  a  prefixed' amount.  The  best  thing  to  do  is  to 
measure  a  posteriori  the  amount  of  liquid  actually 
flowing,  and  introduce  the  value  found  in  the  compu¬ 
tations.  Fortunately,  the  device  is  very  stable;  the 
delivered  fluid,  in  ml /day,  remains  constant  over 


Fig.  2.  Photograph  of  one  assembled  compound  chemo- 
stat.  The  culture  vessels  are  held  in  position  in  a  frame 
that  also  supports  the  light  sources  and  the  other  equip- 
rnent.  In  the  lower  left  corner  arc  two  reservoirs  of 
fresh  medium  and,  above  them,  the  feeding  mechanism. 
Above,  right,  is  the  motor  of  the  stirring  system.  The 
chemostats  are  kept  in  a  constant  temperature  room. 

weeks.  An  electrical  timer  controls  the  electromag¬ 
netic  pusher  and  further  regulates  the  flow. 

In  the  course  of  experiments,  it  has  liven  found 
convenient  to  have  a  flow  of  about  100  nil/day. 
The  electromagnetic  pusher  was  activated  every  20 
minutes,  and  the  amount  of  fluid  introduced  by  every 
stroke  was  around  1.5  ml.  Stirring  was  discontinuous, 
acting  about  half  the  time,  and  was  linked  to  the  same 
timer  that  controls  the  input  of  fresh  medium.  Stir¬ 
ring  started  before  the  injection  of  fresh  medium  and 
stopped  after  the  chandler  in  the  stopper  emptied 
completely. 

The  final  outflow  of  the  whole  system,  through  the 
outlet  of  the  last  culture  flask,  was  led  to  a  measur¬ 
ing  cylinder.  This  reservoir  was  prepared  with  a  few 
drops  of  a  fixative  (saturated  solution  of  iodine  in 
saturated  solution  of  potassium  iodide  in  water,  plus 
20  percent  of  sodium  acetate).  Kvcry  day,  or  more 
frequently  if  convenient,  the  amount  of  fluid  collected 
in  this  reservoir  was  measured  and  the  cell  concentra¬ 
tion  counted — a  good  check  of  the  regularity  of  flow, 
general  behavior  of  the  system,  and  a  test  for  stability. 
In  a  few  days,  after  the  initial  changes,  the  density  of 
organisms  in  the  discharge  approached  a  stationary- 
state.  Only  then  has  the  system  reached  equilibrium. 
At  this  point  the  vessels  should  lie  disconnected  and 
an  analysis  may  lie  made  of  the  partial  populations 
enclosed  in  the  different  flasks.  The  system  is  illus¬ 
trated  in  Figure  2. 

OPERATION  OF  COMPOUND 
CHEMOSTATS 

Linear  Compound  Chemostats 
With  One  Planktonic  Species 

In  a  compound  cliemostat  made  up  of  a  single  row 
of  culture  vessels,  with  unidirectional  flow,  uniform 
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conditions  of  tenqierature  and  light,  and  populated  by 
one  true  planktonic,  non-sticking  species  of  alga,  we 
observe  in  the  steady  state  (going  in  the  direction  of 
flow;:  (1)  an  increase  of  the  biomass,  (2)  a  de¬ 
crease  of  the  ratio  primary  production /biomass,  and 
(3)  an  increase  of  the  ratio  D43),/Deil0  of  plant  pig¬ 
ments.  The  steady  state  is  maintained  during  long 
periods  and  the  system  attains  an  almost  total  inde¬ 
pendence  from  time. 

It  should  have  a  single  inlet  of  fresh  medium  in  the 
first  vessel.  If  its  inflow  is  increased,  the  entire  pat¬ 
tern  moves  downstream;  if  the  inflow  decreases,  the 
pattern  is  displaced  upstream. 

If,  in  a  compound  linear  chemostat,  inflow  of  fresh 
medium  is  not  limited  to  the  first  vessel,  or  if  many, 
or  all,  flasks  receive  an  input  of  fluid,  the  flow  and 
diffusion  are  accelerated  along  the  system,  as  in  an 
estuary  with  a  wide  mouth,  and  the  population  reacts 
by  maintaining  a  high  ratio  of  production  to  the  bio¬ 
mass.  One  can  speak  of  an  “expansion”  of  the  popu¬ 
lation  in  a  \oid  medium,  and  that  expansion  is  associ¬ 
ated  with  immaturity. 

Another  |iossible.  but  untested,  variant  of  this  sort 
of  experiment  would  be  to  use  several  inflows  of  water 
of  different  salinities,  increasing  the  salinity  down  the 
system.  This  model  would  duplicate  situations  often 
found  in  estuaries. 

Linear  Compound  Chemostats 
With  Several  Planktonic  Species 

If  we  have  a  single  row  of  flasks,  with  an  input 
In  the  firs,  vessel  of  fresh  medium  containing  several 
phytoplankton  species,  experiments  demonstrate  the 
simplification  of  structure  (=:  drop  of  biotic  diversity) 
of  the  mixed  population  when  flow  (='  exploitation) 
is  sustained  or  increased. 

Hut  flasks  placed  downward  can  accommodate  more 
species,  so  that  it  can  be  said  that  going  from  the  first 
to  the  last  culture  vessel  there  is  an  increase  in  spe¬ 
cies  diversity.  Distributions  of  biomass,  of  latio  pri¬ 
mary  production  biomass,  and  the  index  D4.10/D(!f,s 
give  the  same  pattern  as  that  in  the  case  of  unialgal 
populations. 

Linear  Compound  Chemostats.  Using 
Species  Which  Stick  io  the  Walls 

When  experiments  are  performed  with  a  wide  as¬ 
semblage  of  species  taken  from  natural  populations, 
the  systems  develop  a  Maw — a  fortunate  flaw,  because 
it  throws  light  on  the  dynamics  of  populations  in  estu¬ 
aries  and  in  other  natural  environments.  Species  able 
to  attach  themselves  to  the  walls  of  the  culture  vessels 
become  more  successful  in  competition.  The  same  fact 
was  observed  by  bacteriologists  working  with  flow 
cultures,  (iraziosi  (  1959  i  states  that  in  continuous 
cultures  there  is  a  positive  selection  for  mutants  which 
grow  on  the  wall  of  the  vessel.  The  increased  prob¬ 
ability  of  remaining  in  the  vessel  is  a  selective  ad¬ 
vantage  that  can  be  expressed  quantitatively. 

The  adherence  of  organisms  to  the  walls  is  a  most 
serious  inconvenience  in  the  use  of  chemostats  as 


analogues  of  plankton  systems.  Species  that  are  used 
often  as  models  of  planktonic  algae,  as  Nileschia 
closlerium,  and  even  some  small  species  of  Chaeto- 
ccros,  are  found  attached  in  some  way.  Propensity 
to  attachment  seems  to  be  different  according  to  con¬ 
ditions  of  nutrition,  to  accompanying  bacterial  flora, 
and  to  the  time  elapsed  from  the  start  of  the  experi¬ 
ment.  The  role  of  possible  mutants  cannot  be  ex¬ 
cluded.  Stirring  does  not  check  attachment  of  algae 
to  the  walls.  The  design  of  a  reliable  chemostat  for 
experimenting  with  complex  planktonic  populations 
awaits  the  improbable  discovery  of  a  bottle  without 
walls.  Ice  walls  do  not  help. 

Several  runs  have  been  made  in  compound  linear 
chemostats  with  Telraselmis  (attaching  easily)  as¬ 
sociated  with  Xilsschia  and/or  Skelelon-cma  The  re¬ 
sults  are  almost  opposite  to  those  found  in  the  case  of 
a  mixed  population  of  non-adhering  species.  The  bio¬ 
mass  becomes  abnormally  higher  in  the  first  vessels 
and  the  usual  regularity  in  the  distribution  of  the 
ratio  of  production  to  biomass  is  distorted.  The  ratio 
D4;l(,/  D0(!5  of  plant  pigments  behaves  in  an  interesting 
way.  Its  value  is  between  2  and  4  in  healthy  and  nor¬ 
mally  growing  cultures  of  Telraselmis,  and  between 
3  and  (>  in  comparable  cultures  of  Skeleloneuui.  In 
an  experiment  with  a  mixed  culture  of  both  species, 
Telraselmis  dominates  in  the  first  vessels,  not  bv  a 
higher  rate  of  increase  (it  has  not),  but  by  a  strong 
adherence  to  the  glass.  Hut  Skeletoiiema  makes  up  a 
higher  proportion  of  the  population  in  the  flasks 
placed  downwards  in  the  flow.  Thus,  the  customary 
pattern  of  increasing  values  of  the  ratio  D^n/D^-,  is 
soon  reduced  with  the  flow.  But  one  or  two  weeks 
later,  populations  of  Telraselmis,  which  have  accumu¬ 
lated  in  the  vessels  at  the  head  of  the  series,  profit 
from  the  flow  of  the  medium  (the  so-called  “eutrophic 
effect  of  running  water”),  but.  nevertheless,  their 
relative  rate  of  increase  declines  as  cells  accumuLte, 
and  the  ratio  D4:t„/ I)«os  increases  as  in  old  and  senes¬ 
cent  populations.  The  populations  of  Skeleloneuui,  on 
the  contrary,  are  relatively  more  abundant  in  the  ves¬ 
sels  towards  the  tail  of  the  system ;  being  free  or  un¬ 
attached.  they  are  subjected  to  a  strong  exploitation 
that  maintains  a  high  ratio  of  production  to  biomass, 
and  a  relatively  low  ratio  D4:i„,D,i,ir,.  In  consequence, 
at  a  certain  stage  of  the  experiment  the  distribution 
of  the  ratio  I)41,,  D,mr,  is  reversed  for  the  mixed  popu¬ 
lations  in  the  successive  vessels,  and  this  is  probably 
also  true  of  the  ratio  of  primary  production  to  bio¬ 
mass  ;  in  fact,  the  ratio  decreases  from  the  first  to  the 
last  flask.  For  instance,  in  an  experiment  with  'I'elra- 
selmis,  Skeleloneuui,  and  some  bacteria,  after  15  days 
of  a  flow  of  130  ml  day,  the  ratios  D43„/Dnfl5  in  the 
mixed  populations  of  four  consecutive  vessels  were, 
respectively.  17.5,  13.9,  7.2,  and  5.5. 

in  experiments  with  one  species,  described  above, 
a  similar  decrease  was  observed,  hut  here  decrease  of 
the  value  of  the  ratio  is  not  related  to  an  exaggerated 
dilution  of  the  population  downwards,  but  to  an  ex¬ 
aggerated  concentration  or  contraction  of  the  popula¬ 
tion  upwards. 
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Table  1.  Distribution  o'  enviro.imental  and  population  parameters  in  different  vessels  of  a  compound 
cbemostat.' 


Fresh  medium 


inflow 

Mg  phos¬ 
phate-1’  1 

mg  chloro¬ 

Mg  C  fixed7 

Probability 

(2) 

) 

ID 

1 

(a) 

1 

(b) 

1>H 

F'low 

Cells,  ml 

phyll  aim * 

nv'hour 

of  esca|)c 

Vm 

1 

| 

47.0 

7.67 

0.304 

107,800 

39.22 

11.55 

0.046 

4.2 

1 

19.8 

8.05 

0.253 

31.600 

30.93 

13.58 

0.380 

3.9 

<e) 

l  / 

(d)  / 

/ 

262 

7.68 

0.288 

138,300 

71.46 

25.52 

0.084 

3.5 

9.7 

8.35 

0.27! 

50,070 

27.54 

11.41 

0.340 

4.3 

\/ 

f 

(f) 

4.8 

8.58 

0.444 

37,700 

15  66 

15.36 

0.280 

3.6 

9.0 

8.68 

0.575 

13,450 

11.00 

13.01 

0.93S 

3.3 

( outflow) 

2,920 

1  Inflow  of  fresh  medium  at  inlet  (1)  was  103  ml/day;  at  inlet  (2),  H8  ml/day.  Inorganic  P  and  pH  were  measured  in  the  flasks 
at  the  end  of  the  experiment.  Plow,  expressed  as  volume  per  day,  is  det>endent  u|*m  the  useful  capacity  of  the  vessels.  Density  of  cells 
was  measured  after  suspension  of  the  attached  cells  The  experiment  Has  terminated  when  cell  concentration  in  the  outflow  remained 
s*ationary  for  5  days.  The  biotic  diversity  was  between  0.91  and  1.12  hits  per  cell  at  the  end  of  the  experiment,  without  significant 
difference  between  vessels. 

Conditions  of  the  exj'eriment  were  as  follows:  Duration:  3—  1 7  August,  1963;  Temperature :  IS. 5-16. 5°  C.;  Illumination:  continuous 
at  approximately  5,000  lux;  Medium:  sea  water  diluted  with  distilled  water  to  30  %#,  and  enriched  with  1  mg  nitrate-N  and  0.2  n.g 
phosohate-P/1,  plus  a  few  drops  of  a  solution  of  silicate  and  trace  metals.  Organisms:  Tctrascimis,  Stichococcus,  Amphora,  Stauroncis 
and  S’itsschia. 


The  attached  species  progressively  invade  nil  the 
Hasks  as  time  advances.  The  concentration  of  organic 
matter  cn  the  walls  and  the  absorption  of  light  are  new 
factors  and  the  whole  pattern  becomes  blurred.  The 
elegant  simplicity  of  the  experiments  with  tree-float¬ 
ing  algae  is  lost.  The  brutal  competition  for  domi¬ 
nance  based  on  the  rates  of  increase  has  given  way 
to  more  subtle  and  interminable  processes  and  the 
cbemostat  is  prevented  from  attaining  a  stationary 
state.  The  situation  is  interesting  as  an  example  of 
development  of  more  organization  than  the  experi¬ 
menter  desires. 

An  attempt  has  been  made  to  measure  the  degree 
of  adherence  of  cells  by  counting  cells  in  suspension, 
then  detaching,  suspending,  and  counting  the  cells 
which  settled  on  the  walls,  and  checking  the  data  ob¬ 
tained  with  measurements  of  the  production,  the  flow, 
and  the  final  output  of  the  system. 

The  results  cannot  he  accurate  and  are  expressed  as 
an  average  probability  (/’)  for  an  average  cel)  to 
move  with  the  water  going  through  the  flasks.  /’  =  1 
in  the  true  planktonic  and  passive  algae,  non-attached 
and  running  with  the  medium ;  /’  —  0  if  all  the  cells 
are  solidly  attached.  Some  examples  of  values  found 
can  he  seen  in  Table  1.  Mobile  organisms  pose  special 
problems,  hut  no  special  experiments  have  been  per¬ 
formed  with  them. 

The  introduction  of  P  in  an  t  xpression  describing 
a  steady  state  would  lie 

.V,  =  A\  <•'  -  F  (A’,/’,  -  W,.,/’,.,) 

Since  no  true  stationary  state  is  reached,  this  ex¬ 
pression  is  given  with  reluctance.  Although  the  out¬ 
put  of  the  final  outlet  of  the  system  may  remain  ap¬ 
proximately  constant  for  days,  there  are  rearrange¬ 
ments  going  on  in  the  populations  of  the  separate 
flasks. 


Convergent  Compound  Chemostats  Using 
Species  Which  Stick  to  the  Walls 

In  other  experiments  with  complex  populations, 
the  flasks  have  been  assembled  in  two  rows  converg¬ 
ing  in  a  single  final  row,  as  an  analogue  of  two  water 
masses  that  meet  and  mix  in  a  boundary.  The  same 
problems  as  in  the  previous  experiment  have  been 
present.  In  the  vessel  placed  just  in  convergence  (e) 
in  the  experiment  of  Table  1,  input  is  twofold  and 
flow  higher  than  in  preceding  vessels.  It  leads  to  a 
sharp  increase  of  the  ratio  of  production  to  biomass  if 
attachment  of  organisms  to  the  walls  is  not  excessive. 
When  the  two  converging  flows  consist  of  water  of 
different  composition,  the  success  of  attached  species 
in  front  of  suspended  ones  seems  to  lie  less  decisive 
than  in  other  circumstances. 

CORRELATION’S  IN  CHKMOSTAT 
POPULATIONS 

Selected  quantitative  characters  of  populations 
grown  in  chemostats  show  interesting  correlations 
that  are  maintained  over  a  wide  range  of  condi¬ 
tions  of  flow,  temperature,  and  species  composition 
(  Table  2). 

Expected  positive  correlations  were  found  between 
the  number  of  cells  counted  in  a  sedimentation  cham- 
l>er,  the  number  of  particles  counter!  with  an  elec¬ 
tronic  dimensional  particle  counter,  and  the  chloro¬ 
phyll  content. 

There  is  a  significant  positive  correlation  between 
the  ratio  of  production  to  biomass  and  the  average 
probability  of  being  carried  away  by  the  flow.  The 
probability  of  being  washed  away  is  unrelated  to  the 
intensity  of  flow.  Production  was  measured  by  fixa¬ 
tion  with  C14  at  the  end  of  the  experiment,  after  inter¬ 
rupting  the  flow  and  disconnecting  the  flasks.  Both 
the  ratio  of  production  to  biomass  and  P  are  nega- 
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Table  2.  Simple  statistical  correlations  between 
untransformed  values  of  some  parameters  of  popula¬ 
tions  in  compound  chemostats.1 


(B) 

(C) 

(D) 

(E) 

(F) 

<A) 

(B) 

<C) 

(D) 

<E) 

+0.608* 

+0.960* 

+0.693* 

-0.063 

+0.079 

+0.006 

-0.132 

+0.054 

-0.052 

+0.851* 

-0.407 
-0.473 
-0.454 
-0.588' 
— C.514 

1  The  populations  (17)  *verr  sampled  in  the  separate  vessels  at 
the  end  of  three  experiments.  Conditions  of  flow,  temperature,  nu¬ 
trition,  and  organisms  present  were  different.  The  position  of  each 
vessel  in  the  chain  of  chemostats  was  not  taken  into  consideration. 

*I<0.01. 

*p<0.001. 

(A)  Number  of  cells/ml,  direct  counts. 

(B)  Number  of  particlcs/ml,  electronic  dimensional  particle 
counter. 

<C)  Concentration  of  chlo/ophyll  a,  jig/1  =  mg/m*. 

(D)  C1*  fixation,  n g  (.‘/million  cells  /hour. 

(E)  Probability  of  the  average  cell  being  carried  away  by  the 
average  flow  (<  1). 

<K)  Ratio  bt»/Dw  in  extracts  of  pigments. 

tively  correlated  with  the  ratio  D,l1(,/  I>00!i  in  plant 
pigments.  There  were  hopes  of  finding  in  a  general 
way,  as  in  some  ex|>eriii>ents  with  several  planktonic 
species  in  linear  compound  chemostats.  a  positive  cor¬ 
relation  between  ratio  DtS„/D(W5  and  species  diversity. 
But  biotic  species  diversity  behaved  rather  disap¬ 
pointingly,  since  no  significant  differences  were  found 
in  most  runs  between  different  vessels;  it  is  true  that 
assortment  of  species  was  artificially  limited  and  bac¬ 
teria  were  not  considered  in  making  diversity  com¬ 
putations. 

Correlations  are  lacking  or  poor  between  the  quan- 
titatiw  instantaneous  measure  of  biomass,  in  number 
of  cells  or  in  chlorophyll,  and  the  second  group  of 
proj>erties  correlated  between  them.  The  properties 
included  in  this  second  group  ( ratio  production  bio¬ 
mass.  ratio  D„„/  Dihi.-,.  perhaps  diversity)  are  those 
considered  especially  relevant  whei  he  ecosystem  is 
equated  to  a  cybernetic  system  with  regulation. 

INTERPRETATION  OF  ESTUARIES 

Estuarine  ecosystems  exhibit  regulatory  feedbacks 
at  different  levels.  An  increase  of  the  inflow  of  fresh 
water  in  the  head  of  an  estuary  may  augment  the  flow 
of  denser  sea  water  over  the  bottom  in  the  opposite 
direction.  Any  intensified  exchange,  by  tides  or  other 
causes,  means  a  heavy  loss  of  sus|>ended  organisms, 
hut  in  certain  situations  new  nutrients  are  intnxluced 
into  the  system ;  selection  is  then  active  in  favor  of 
planktonic  species  endowed  with  a  high  rate  of  in¬ 
crease  and  capable  of  sustaining  important  losses, 
or  of  fixed  organisms. 

An  estuary  rarely  can  Ik-  studied  as  a  nearly  closed 
system;  most  of  the  time  it  receives  materials  from 
fresh  water  and  exports  production  to  neighboring 
systems,  contributing  to  their  maintenance  with  algae, 
detritus,  and  food.  These  contributions  are  more  im¬ 
portant  when  tlie  flow  of  energy  (primary  produc¬ 
tion)  per  unit  of  biomass  is  high — a  condition  obvi¬ 
ously  fulfilled  if  flow  and  water  exchange  remain 
strong. 


In  populations  organized  under  such  constraints 
there  is  usually  a  dominance  of  one  or  a  few  species 
and  a  high  ratio  of  primary  producers  to  animals. 
Compound  chemostats  illustrate  how  the  rate  of  ex¬ 
change  limits  the  increase  of  organization  in  com¬ 
munities,  because  low  diversity  is  related  to  a  high 
turnover  of  populations.  Several  authors  have  re¬ 
marked  that  estuarine  plankton  populations  have  a  low 
biotic  diversity  when  compared  with  coastal  and 
oceanic  populations,  and  concrete  evidence  has  been 
furnished  ( Hulhurt,  1963;  Margalef,  1958;  Fatten, 
1962).  Low  diversity  may  be  associated  with  a  high 
density  of  populations.  It  is  an  indicator  of  poor 
organization  under  the  influence  of  flow  and  of  chang¬ 
ing  conditions. 

When  exchange  is  reduced,  floating  organisms  with 
a  relatively  lower  rate  of  increase  can  maintain  them¬ 
selves,  the  ratio  of  production  to  biomass  drops  and 
the  planktonic  community  attains  a  higher  organiza¬ 
tion.  Mobility  of  organisms  is  an  asset,  and  in  condi¬ 
tions  of  reduced  flow  blooms  of  dinottagellates  may  lie 
apparent. 

This  applies  especially  to  suspended  and  drifting 
populations,  hut,  as  we  have  seen  ;n  our  models,  popu¬ 
lations  are  controlled  by  the  c.  pacity  of  keeping  a 
position  and  not  only  by  the  rate  of  increase.  In 
natural  estuarine  ecosystems,  the  benthic  mode  of  life 
reduces  the  probability  of  losing  position.  Fixed 
plants  are  dominant  in  some  situations,  if  the  time 
necessary  for  development  is  not  interrupted  bv  dras¬ 
tic  changes  in  the  environment,  and  if  light  is  sufficient. 

Another  resource  leading  to  a  decrease  of  the  prob¬ 
ability  of  being  carried  away  is  a  special  form  of  be¬ 
havior.  as  in  euryhaline  animals  that  migrate  verti¬ 
cally  and  are  alternatively  found  in  layers  flowing  in 
opposite  directions  (Cronin  ct  a!.,  1962).  Such  popu¬ 
lations  compete  with  advantage  or  exploit  with  success 
the  less  stable,  truly  planktonic  or  passively  drifting 
populations. 

The  more  or  less  fixed  communities  gather  and 
preserve  organization  ( information  )  better  than  pas¬ 
sively  vagrant  communities.  Their  higher  organiza¬ 
tion  is  linked  with  higher  homeostasis  and  with  lower 
energy  flow  ( primary  production  per  unit  of  total 
biomass).  An  increased  water  exchange  or  another 
form  of  heavy  exploitation  leads  to  a  restructuring 
and  simplification  of  the  system,  and  the  new  struc¬ 
tures.  without  loss  of  an  already  simple  organization, 
can  be  subjected  to  further  changes. 

The  compound  chemostat  is  able  to  present  didacti¬ 
cally  many  situations  that  reflect  the  general  ecology 
of  estuaries.  Operation  of  chemostats  is  an  extremely 
instructive  experiment  and  should  he  included  in 
ecology  courses.  But  probably  the  usefulness  of  the 
approach  docs  not  stop  here.  Compound  chemostats 
facilitate  the  quantitative  knowledge  of  correlated 
structures  of  ecosystems,  their  function  or  metabolism, 
and  the  identification  of  regulatory  feedback  circuits 
at  work.  Carefully  conducted  experiments  can  answer 
questions  regarding  nutrition,  competition,  and  the 


> 


-4-*~  y 


LABORATORY  ANALOGUES  OF  KSTl’AH!  NP.  PLANKTON  SYSTEMS 


521 


importance  of  certain  adaptations  in  the  maintenance 
of  a  population  against  dispersal  by  the  flow. 

Only  experiments  of  an  exploratory  nature  have 
l>een  performed  so  far,  and  in  too  few  replicates  to 
allow  a  sound  quantitative  analysis  of  the  results.  But 
the  approach  looks  promising. 

Author's  Note:  These  studies  were  aided  by  Contract 
Nonr  3447(00),  between  the  Office  of  Naval  Research, 
United  States  Department  of  the  Navy,  and  the  Instituto 
dc  Invcstigaciones  Pasqueras 
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Estuaries  are  areas  of  transition  between  the  more 
stable  conditions  of  the  neighboring  sea  and  fresh 
waters,  which  exhibit  increased  gradients  and  fluctu¬ 
ations  of  abiotic  and  biotic  factors.  Being  in  essence 
the  mouth  of  a  river,  an  estuary  harbors  bodies  of 
water  in  which  the  seawater  component  is  diluted 
and  modified  in  various  degrees  by  river  water.  The 
most  important  entities  determining  the  physico¬ 
chemical  conditions  and  their  fluctuations  are  the 
tide,  the  volume  and  contents  of  the  river  water  dis¬ 
charged,  and  the  morphology  of  the  estuarine  area. 

Though  there  are  a  number  of  different  types  of 
estuaries,  these  basic  physical  characteristics  apply 
to  the  majority  of  them,  and  characterize  an  estuary 
physiologically  as  a  stress  habitat,  strongly  challeng¬ 
ing  its  inhabitants  and  any  potential  immigrants  from 
sea  or  river.  Ideologically,  most  estuaries  represent 
zones  of  reduced  competition,  areas  in  which  physical 
factors,  rather  than  biotic  ones,  determine  population 
dynamics.  Many  estuarine  organisms  appear  to  have 
!>een  forced  out  of  physically  more  suitable  conditions 
in  sea  or  fresh  water ;  for  them,  the  estuary  repre¬ 
sents  a  refuge  with  suboptimal  or  even  subnormal 
physico-chemical  conditions,  which  protects  them  from 
predators,  competitors,  or  parasites.  The  number  of 
different  forms  of  life  or  of  species  per  space  unit  is 
usually  much  smaller  in  estuaries  than  in  the  neigh¬ 
boring  marine  or  freshwater  habitats.  However,  the 
number  of  individuals  may  be  quite  large,  especially 
if  the  estuary  is  eutrophic,  which  is  often  the  case. 
Consequently,  intrasi>ecific  competition  is  frequently 
more  pronounced  than  interspecific  conqielition.  Es¬ 
tuaries  may  have  tremendous  rates  of  primary  produc¬ 
tion.  esjiecially  in  subtropical  and  tropical  regions, 
and  thus  lie  important  feeding  and  nursery  grounds 
lor  euryhaline  marine  organisms. 

Physiologically,  few  organisms  seem  to  find  opti¬ 
mum  conditions  in  estuaries  during  their  life  cycles, 
l'o  exist  under  estuarine  conditions,  an  organism  must 
lie  eurypl-'-'ic,  that  is.  it  must  lie  able  to  endure  ex¬ 
treme  ranges  and  intensity  fluctuations  of  environ¬ 
mental  factors.  The  availability  of  mechanisms  for 
protection  and  increase  of  tolerance,  as  well  as  for 
regulation  and  acclimation,  is  therefore  a  necessary- 
prerequisite  for  a  successful  establishment  in  estu¬ 
arine  waters. 

It  is  usually  not  a  single  environmental  factor 
which  governs  the  physiological  res|«mses  and  impu¬ 
tation  dynamics  in  an  estuary,  but  a  combination  of 


numerous  factors  counteracting,  supporting,  and  modi¬ 
fying  each  other’s  physiological  effects.  At  the  pres¬ 
ent  time  it  is  not  possible  to  measure  all  environ¬ 
mental  components  properly.  If  suitable  techniques 
become  available,  the  complexity  of  an  estuary’s 
physico-chemical  conditions  can  probably  be  fully  ap¬ 
preciated  only  by  monographing  or  tabulating  simul¬ 
taneously  the  numerous  factor  intensities  relative  to 
space  and  time.  In  view  of  this,  and  our  limited 
knowledge  of  physiology  of  estuarine  organisms,  I 
shall  restrict  myself  here  to  the  consideration  of 
changes  in  salinity  and  tenqierature.  Together  with 
water  movement,  turbidity,  light,  dissolved  gases,  sub¬ 
strate.  and  nutrients,  these  two  factors  are  of  particu¬ 
lar  physico-ecological  inqiortance 

Several  recent  papers  and  reviews  have  been  con¬ 
cerned  with  life  in  estuaries.  The  majority  deal  with 
ecological  or  phvsiographical  aspects  ( Cas|>ers,  1948, 
1955,  1958,  1959;  Day,  1951;  Emery  et  al„  1957; 
Garnts,  1961  ,  Kothe,  1961 ;  Rotter,  1961 ;  Reid,  1961  : 
Schulz,  1961 ;  Schumacher,  1961 ;  Smith,  1956). 

SALINITY  AND  TEMPERATURE  IN 
ESTUARIES 

The  salinity  of  estuaries  often  undergoes  consider¬ 
able  fluctuation.  It  is  usually  lower  than  that  of  sea 
water,  but  in  regions  with  high  evaporation  and  little 
rain,  estuarine  bottom-level  salinities  may  exceed 
100  The  ion  composition  and  the  relative  propor¬ 
tions  of  other  solutes  may  be  subject  to  significant 
modifications.  In  general,  there  is  a  higher  ratio  of 
carlmnate  and  sulfate  to  chloride  and  of  calcium  to 
sodium  than  in  sea  water ;  extreme  evajioration,  how¬ 
ever,  causes  these  ratios  to  lie  lower  ( Clarke,  1924 1 . 
Local  mollifications  may  lie  due  to  the  type  of  soil 
of  the  rivet,  its  vegetation  and  fauna,  and  industrial 
or  other  products  discharged  into  the  river  water.  As 
a  result  of  the  tendency  of  the  inward-flowing  sea 
water  and  the  outward-flowing  fresh  water  to  be  dis¬ 
placed  to  their  rcs|»ective  right  sides,  salinities  are 
usually  higher  on  the  left  side  of  larger  estuaries  in 
the  northern  hemisphere.  Thus  Pritchard  ( 19521 
found  the  salinity  on  the  left  side  o'  the  Janies  River 
to  tie  an  average  of  1  higher  than  on  the  right 
side.  Such  differences  may,  in  some  cases,  lie  inipor- 
tant  for  physiological  reactions  as  well  as  for  distribu¬ 
tion  of  estuarine  organisms. 

Water  tenqieratures  in  estuaries  usually  exhibit 
greater  annual  and  diurnal  fluctuations  than  in  the 
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sea,  especially  if  the  estuary  is  shallow  and  if  the 
water  comes  into  contact  with  previously  exposed 
areas  of  substrate.  At  the  entrance  of  the  estuary  the 
temperature  is  nearly  the  same  as  in  the  ojien  sea ; 
upstream,  however,  the  difference  usually  increases 
rapidly  (Sumner  et  ai.,  1914).  In  addition  to  hori¬ 
zontal  temperature  variations,  considerable  vertical 
variation  may  be  produced,  for  example,  by  warm 
or  cold  river  water  flowing  out  over  the  more  dense 
brackish  or  sea  water. 

While  pronounced  environmental  variation  is  a 
basic  characteristic  of  an  estuary,  the  variability  is 
also  a  rather  constant  feature  in  terms  of  phylogenetic 
considerations.  Such  a  “concept  of  permanency  of 
estuarine  variation”  carries  with  it  the  idea  that  the 
few  species  which  have  succeeded  in  inhabiting  estu¬ 
aries  are  phylogenetically  rather  conservative  forms 
with  a  long  history.  The  euryplasticity  of  estuarine 
organisms  is  probably  a  genetic  trait  "not  easily  come 
by  and,  once  attained,  is  very  conservative”  (Emery 
et  ai.,  1957).  Estuaries  often  contain  ar  accumulation 
of  genotypes  exhibiting  similar  physiological  charac¬ 
teristics.  It  is  the  purpose  of  this  contribution  to 
consider  the  present-day  asjiects  of  these  physiological 
characteristics. 

PHYSIOLOGICAL  COMPENSATIONS  FOR 
CHANGES  IN  SALINITY  AND 
TEMPERATURE 

Like  other  animals  or  plants  which  must  encounter 
rigid  and  greatly  varying  environmental  conditions, 
estuarine  organisms  |>ossess  a  number  of  physiological 
mechanisms  which  assist  them  in  compensating  for 
the  ill  effects  of  their  environment.  Some  of  the  stud¬ 
ies  devoted  to  these  mechanisms  will  be  considered 
here  under  four  subheadings :  escape,  reduction  of 
contact,  regulation,  and  acclimation. 

Escape 

Esca|>e  ii  - o  more  suitable  conditions  of  salinity  or 
tenqierature  is  restricted  to  vagile  organisms  and  to 
situations  in  which  such  conditions  are  available  and 
accessible.  Both  vertical  and  horizontal  migration 
may  he  o'  assistance  to  some  estuarine  organisms  in 
avoiding  critical  factor  intensities.  Salinity  fluctu¬ 
ations  are  usually  less  pronounced  in  the  substrate 
than  in  the  free  water  above.  and  average  salinity 
intensities  may  be  different.  This  is  particularly  true 
for  the  zone  in  which  the  relative  proportions  of  sea 
water  and  river  water  change  rhythmically  as  a  func¬ 
tion  of  the  tides.  The  substrate,  therefore,  may  repre¬ 
sent  an  important  refuge  for  various  estuarine  forms. 
Permanent  Imttom  dwellers  frequently  enjoy  more 
stable  conditions  than  their  pelagic  counterjiarts  and 
may  show  quite  different  distribution  patterns. 

Various  environmental  factors  of  a  given  estuarine 
laxly  of  water  may  counteract,  support,  or  modify 
each  other’s  physiological  effects.  Jorgensen  I  .  ' 

I-ewin  and  G'lillard  (|9hJ»,  Mct'onibie  fl%0),  : 
others  have  shown  this  for  plants;  Kmne  tl'h.tui 
has  reviewed  the  jicrtiuent  information  for  inverte¬ 


brates  and  fishes.  In  addition  to  the  direct  escape 
mentioned  above,  therefore,  indirect  escape  may  be 
available  as  a  means  of  compensation  for  the  ill  effects 
of  a  given  environmental  entity.  Thus,  for  example, 
if  salinity  reaches  extreme  values,  and  more  favor¬ 
able  salinities  are  not  available  at  the  time,  the  ill 
effects  of  that  extreme  salinity  could  be  reduced  if 
a  suitable  temperature  or  light  condition  were  se¬ 
lected.  No  clear-cut  case  of  indirect  escape  has  come 
to  the  reviewer’s  attention,  but  the  mounting  evidence 
on  factor  interactions  strongly  suggests  such  a  pos¬ 
sibility. 

Reduction  of  Contact  with  the  Environment 

Reduction  of  direct  contact  with  an  adverse  en¬ 
vironment  is  a  temporary  rather  than  a  permanent 
measure.  It  may  occur  in  res|>onse  to  sudden  pro¬ 
nounced  changes  as  well  as  to  temporarily  maintained 
extreme  conditions  of  salinity  or  temperature. 

Adverse  conditions  of  salinity  may  cause  a  variety 
of  responses:  (1)  Production  of  slime,  mucus,  or 
other  protective  substances  covering  sensitive  body 
surfaces :  such  reactions  are  known  for  various  types 
of  organisms,  especially  annelids,  molluscs,  and  fishes. 

( 2'  Retreat  into  holes  or  burrows,  which  may  some¬ 
times  be  plugged,  e.g.,  polychaetes  and  crabs.  (3) 
Muscle  contractions  leading  to  a  reduction  in  surface 
to  volume  ratios  of  sensitive  organs  or  the  whole  body, 
e.g.,  hydroids,  annelids,  and  molluscs.  (4)  With¬ 
drawal  of  sensitive  body  parts.  (5)  Closure  of  shelh 
or  comparable  structures;  certain  clams  or  barnacle 
may,  for  example,  live  indefinitely  in  extreme  low  o 
high  average  salinities,  which  ]>er  se  would  be  lethal 
if  the  length  of  the  active  periods  allowed  bv  salinity- 
fluctuations  is  sufficient  for  feeding  and  defecating. 
(6)  Actual  changes  in  body  form  and  other  struc 
tural  properties  may  occur  if  a  given  stress  is  main¬ 
tained  for  longer  jieriods  of  time.  Examples  are  colo¬ 
nial  hydroids,  such  as  C ordylophora  caspia,  Pcrigoni- 
mus  megas,  ,.nd  l.aomedea  hn  eni,  which  respond  to 
maintained  extreme  salinities  by  reducing  their  hy- 
dranth  size,  e.g..  reduction  in  length  and  number  of 
tentacles  and  in  surface  to  volume  ratio  of  the  hy- 
dranth  body.  Other  examples  can  lie  found  among 
protozoans,  sponges,  and  certain  crustaceans.  ( 7 1 
Transitions  into  resting  stages  are  known  to  occur,  for 
example,  in  bacteria,  fungi,  protozoans,  sjionges.  hy- 
drozoans.  bryozoans.  rotifers,  nematodes,  tardigrade*, 
and  crustaceans.  They  lead  eventually  to  the  forma¬ 
tion  of  spores,  cysts,  or  mcnonts,  which  often  separate 
the  organism  to  a  considerable  degree  from  its  en¬ 
vironment.  S|Mire,  cyst,  or  menont  formation  is  usu¬ 
ally  accompanied  by  an  increase  in  environmental  re 
sistance  and  by  a  reduction  in  activity  and  metabolic 
rate.  The  organisms  involved  may  thus  endure  more 
extreme  factor  intensities  than  in  the  state  of  full 
activity  and  immediate  contacts  with  the  surrounding 
environment.  After  improvement  of  the  adverse  con¬ 
ditions  the  resting  stages  may  re-transform  into  the 
active  condition. 

Adverse  conditions  of  triiqieraturc  may  cause  simi- 
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lar  responses.  The  most  frequent  and  apparently 
most  efficient  reduction-of-contact  responses  to  ex¬ 
treme  temperature  intensities  arc  transformation  into 
resting  stages  during  the  cold  season.  Organisms 
incapable  of  forming  resting  stages  often  enter  the 
substratum  during  the  most  severe  winter  months. 

Regulation 

The  regulatory  devices  for  counteracting  detrimen¬ 
tal  effects  of  salinity  may  be  considered  under  three 
aspects :  ion  regulation,  volume  regulation,  and  osmo¬ 
regulation.  Recent  pertinent  reviews  have  been  pub¬ 
lished  by  Beadle  (  1957),  Brown  and  Danielli  (1955), 
Kinne  (1963b,  1964a,  b,  c),  Lockwood  (1962),  Pros¬ 
ser  and  Brown  (1961 ),  Remane  and  Schlieper  <  1958), 
and  Robertson  (1957,  1960a,  b). 

Ion  regulation  presumably  has  a  longer  evolution¬ 
ary  history  than  volume  or  osmoregulation.  All 
aquatic  organisms  appear  to  possess  some  capacity 
for  regulating  the  ionic  composition  of  their  IkxIv, 
tissue,  and  cell  fluids. 

Ion  regulation  has  been  shown  or  suggested  to 
exist  in  a  number  of  aquatic  plants  (  Bergquist. 
1958a,  b;  Biebl,  1956;  Blinks.  1951 ;  Eppley.  1958a,  b, 
1962;  Eppley  and  Cyrus,  I960;  Guillard.  1962;  Hope 
and  Walker,  1960:  MacRobbie  and  Dainty,  1958a,  b; 
Scott  and  Hayward,  1953,  1954.  1955).  There  is  little 
information  available,  however,  on  ion  regulation  in 
algae  during  osmotic  stress.  In  Porphyra  perforata, 
survival  in  diluted  and  concentrated  sea  water  is 
affected  by  the  amount  of  Ca  present.  Ca  seems  es¬ 
pecially  important  in  maintaining  membrane  selectivity 
toward  K  and  Na.  Over  a  wide  range  of  salinities 
(about  3.5  to  70  %*)  cells  of  P.  perforata  accumulate 
K  and  partially  exclude  Na.  Rain  is  potentially  a 
more  serious  threat  to  survival,  due  in  part  to  break¬ 
down  of  ion  transport,  than  arc  high  salinities.  By 
washing  away  the  seawater  film  normally  present  be¬ 
tween  and  around  the  blades  even  during  emergence, 
heavy  rain  would  “almost  certainly  abolish  mem¬ 
brane  selectivity,  decrease  respiration,  induce  loss  of 
cellular  cations,  and  result  in  high  mortality  if  the 
hlades  were  cxjiosed  long  enough"  ( Kpplev  and 
Cyrus,  1960). 

The  same  holds  true  for  (  haetomorpha  I  ilium,  an 
intertidal  green  alga,  which  often  thrives  in  great 
numtiers  along  the  German  coast.  C.  /mam  is  well 
adapted  to  osmotic  stress.  It  compensates  for  changes 
in  the  osmotic  potential  of  the  surrounding  medium 
by  regulating  its  turgor  pressure  (Kesseler,  1959). 
This  regulation  is  achieved  mainly  bv  active  accumu¬ 
lation  or  extrusion  of  KCI.  Accumulation  of  KCI 
against  strong  diffusion  gradients  requires  energy, 
which  is,  according  to  Kesseler  (1962),  obtained  by 
respiration.  In  isoosmutic  artificial  sea  water  with 
Ca,  the  cells  rapidly  become  permeable  to  accumu¬ 
lated  KCI  .mi!  lose  turgidity  (Kesseler,  1964).  In 
distilled  water  containing  small  amounts  of  CaCI3  and 
N’aHCOj  ( establishing  a  pH  of  about  8i,  however, 
the  cells — after  having  adjusted  to  the  new  condition 
— can  survive  for  many  days  without  a  significant  loss 


of  ions.  Adjustment  occurs  within  24  hours  (Kesse¬ 
ler.  1959).  In  most  algae  from  Naples  and  Helgoland 
so  far  tested,  K  is  the  main  intracellular  cation.  Only 
in  the  Siphonales  is  Na  present  in  a  concentration 
exceeding  that  of  sea  water,  while  Cl  dominates 
among  the  intracellular  anions  (Kesseler,  verbal  com¬ 
munication).  An  exceptional  case  has  been  reported 
for  some  species  of  the  genus  Desmarestia;  they  ac¬ 
cumulate  sulfuric  acid  in  their  vacuoles,  the  sulfate 
ion  acting  as  the  main  intracellular  anion  and  electro- 
neutrality  lieing  curiously  established  by  hydrogen 
ions  (Eppley  and  Bovell,  1958). 

In  a  number  of  algae  Na  is  involved  in  "ion  pump” 
systems  (Eppley,  1962;  Eppley  and  Cyrus,  1960; 
Hope  and  Walker,  I960).  Eor  recent  reviews  on  the 
physiology  and  biochemistry  of  algae,  consult  Lewin 
( 1962 ). 

A  series  of  papers  demonstrates  the  inqiortance  of 
the  ionic  composition  of  the  surrounding  water  for 
growth  and  reproduction  of  algae,  and  has  been  re¬ 
viewed  by  Guillard  (1962),  Lewin  and  Guillard 
(1963),  and  Provasoli  (1958).  In  recent  years, 
growth  rates  have  been  determined,  for  example,  by 
Droop  (1958),  Guillard  and  Ryther  (1962),  Prova¬ 
soli  et  al.  (1954),  Schmitz  (1959).  and  Williams 
(1962).  V’ollenweider  (1950)  studied  the  require¬ 
ments  for  Ca  and  Mg  in  three  diatoms.  He  found 
(1)  needs  for  high  Ca  concentrations.  (2)  limited 
interchangeabilities  between  Ca  and  Mg,  and  (3)  that 
a  certain  balance  between  the  two  ions  may  be  re¬ 
quired;  addition  of  higher  concentrations  of  Mg  is 
necessary  with  high  concentrations  of  Ca.  Provasoli 
et  al.  (1954)  tested  a  series  of  algae  flagellates  in 
order  to  find  out  how  closely  the  mineral  require¬ 
ments  of  marine  and  freshwater  forms  reflect  the 
composition  of  their  natural  environment.  The  ex¬ 
periments  were  so  designed  as  to  vary  the  salinity, 
the  monovalent-divalent  ratios  (M/D),  and  the  Ca/ 
Mg  ratios,  permitting  an  evaluation  of  the  relative  or 
absolute  inqiortance  of  these  factors  for  growth.  As 
is  well  known,  aside  from  total  solid  concentration. 
Mg  Ca  ratios  represent  the  most  obvious  differences 
between  sea  and  fresh  water.  It  may  be  expected 
therefore  that  maiine  organisms  would  prefer  a  Ca' 
Mg  ratio  close  to  that  in  sea  water  (1 :3)  and  fresh¬ 
water  organisms,  the  6:1  ratio  characteristic  for  that 
medium.  While  this  may  hold  at  salinities  and  M/D 
ratios  similar  to  habitat  conditions,  it  was  shown  that 
for  each  of  the  tested  phytoflagellates,  at  a  specific 
total  salt  concentration  and  M/D  ratio,  Ca  and  Mg 
are  widely  interchangeable  and  that  deviations  from 
this  [articular  condition  may  still  allow  maximum 
growth  but  only  at  restricted  Ca  Mg  ratios.  In  gen¬ 
eral.  the  nrrhniinarv  'G’a  obtained  by  Provasoli  and 
his  collaborators  indicate  a  great  ionic  plasticity. 

In  1958,  Droop  established  that  the  Ca  Mg  ratios 
yielding  best  growth  in  the  extremely  eurvhaline 
chrysomonad.  Slonochrysis  lnlhcri.  the  cryptomonad. 
Ilemitclmis  virescent.  and  the  chlorophycean,  .Van- 
noeMorij  <> eulala.  are  more  similar  to  the  Ca'Mg 
ratio  found  in  sea  water  than  the  ratio  preferred  hy 
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Table  1.  Pro|>ortions  of  major  ions  in  the  body 
fluid  of  the  starfish,  Asterias  rubcns,  exposed  to  sea 
water  of  31  %,  salinity  (After  Cole.  1940)  and  to 
brackish  water  of  about  16  <  After  Reniane  and 

Schlieper.  1958  and  Seek,  1958).  All  concentrations 
are  given  in  mu/I. 


Medium 

Na* 

K* 

Ca* 

Mg" 

Cl 

SO. 

31  *.  S 

417 

9.10 

9.41 

50.1 

483 

30.3 

Body  Fluid 

412 

9.56 

9.31 

50.0 

488 

30.1 

16*.  S 

215 

4.98 

5.56 

24.05 

252.8 

13.08 

Body  Fluid 

216 

5.40 

5.60 

2422 

255 

13.05 

the  less  eurvhaline  marine  diatom,  Skclctoncma  costa- 
turn.  The  tolerances  of  the  sjiecies  tested  by  Droop 
cover  nearly  all  the  Ca  Mg  ratios  that  arc  charac¬ 
teristic  of  both  sea  and  fresh  water.  S.  costa  turn, 
however,  differs  from  the  more  eurvhaline  sjiecies  in 
having  a  narrower  range  of  N'a  tolerance.  Droop 
points  to  information  obtained  on  some  neritic  dino- 
flagellates  by  Ilraarud  ( 1951  i  and  Hraarud  and  Pap¬ 
pas  ( 1951  ).  indicating  that  marine  neritic  sjiecies 
might  be  expected  to  have  a  lower  Xa  limit  of  about 
3,000  mg  I,  whereas  the  limiting  concentration  for 
supralittoral  s|>ecies  may  be  as  low  as  .100  n>g  I 
(there  is  also  indication  in  Provasoli  ct  al.  (  1954) 
that  oceanic  Rhodomonas  lens  has  a  lower  Na  limit 
of  not  less  than  4.000  mg  1 1.  Na  tolerance  may  there¬ 
fore  be  an  important  limiting  factor  for  growth  in 
water  of  reducer!  salinities  or  modifier!  inme  com¬ 
position.  In  Thalassiosira  fm  iatilis  a  variation  oi  the 
sulfate  to  chloride  ratio  causes  maximum  growth  rates 
to  occur  at  different  total  salt  concentrations  <  Schmitz. 
1959).  The  information  at  hand  indicates  that  sig¬ 
nificant  changes  in  the  ionic  composition  of  the  sur¬ 
rounding  water  may  modify  lethal  limits  and  salinity 
preferences  as  well  as  capacities  for  growth,  reproduc¬ 
tion.  and  coni|>etitioti  ami.  hence.  may  affect  the  abun¬ 
dance  and  distributional  range  of  estuarine  species. 

Ion  regulation  id  aquatic  annuals  has  received  much 
attention.  The  most  recent  revie  vs  have  lieeit  written 
by  Knii.e  ipJOdb;  1964a.  hi.  In  general,  saltwater 
animals  tend  to  accumulate  higher  pro|M>rtions  of  po¬ 
tassium  and  hydrogen  ions  in  their  body  fluids  ami 
tissues  than  are  present  in  undiluted  sea  water;  at 
tile  same  time  they  tend  to  keep  the  internal  sodium 
and  chloride  levels  lower  and  to  exclude  magnesium 
and  sul|diate.  which  are  both  almmhnt  in  *ea  water 
If  exposed  to  diluted  sea  water,  many  estuarine  m- 
ver'  brates  arc  ca|«hle.  to  some  extent,  of  maintain¬ 
ing  neir  original  ionic  projxirtions.  while  their  ma¬ 
rine  couutf r[>aris  usually  exhibit  cntisulcrahly  poorer 
cajiai  ties  for  ion  rcgulahm  Thus  in  rchu'«dcrmx — 
which  are  sjiarscly  represented  in  estuaries — hody 
fluids  conform  closclv  to  ionic  ratios  in  the  externa! 
medium  tiotli  in  sea  water  ami  in  brackish  water  An 
example  is  tin-  starfish.  .  Itlenas  rnKns  >  Table  |> 
However,  intracellular  ionic  ratios  of  rchmodemis 
(cells  of  blood,  muscles,  ami  body  wall  i  are  different 
from  those  «!  the  surrounding  sea  water  and  so  i» 


the  ionic  coni|M>siti<m  of  their  eggs  (  Rothschild  and 
Barnes,  1953).  Oiidarians.  annelids,  and  molluscs  are 
somewhat  better  regulators.  Most  estuatine  crusta¬ 
ceans  exhibit  a  significant  capacity  for  ionic  regula¬ 
tion  (Robertson.  1957,  1960a  i,  and  so  do  the  fishes. 
In  fact,  estuarine  teleosts  show  less  variation  in  ionic 
ratios  of  their  blood  if  exposed  to  salinity  variations 
than  do  most  invertebrates. 

Ion  regulation  in  aquatic  animals  occurs,  essen¬ 
tially,  between  external  medium  and  blood  and  be¬ 
tween  blood  and  tissues.  Most  of  the  estuarine  s|>e- 
cirs  tested  show  significant  differences  between  the 
ionic  com|M>sitiou  of  their  Ik  sly  fluids  and  that  of 
their  cell  fluids.  The  cell  fluids  ap|>ear  to  he  quite  iso- 
osmotic  to  coelomic  and  circulatory  fluids;  their  total 
osmoconcentration,  however,  is  the  result  of  both  in¬ 
organic  and  organic  sulistanccs.  In  contrast,  total 
osmoconcentration  of  coelomic  and  circulatory  fluids 
results  largely  from  inorganic  ions  only.  es|>ecially 
from  sodium  and  chloride.  In  (ianimarus  duebeni,  for 
example,  tissue  chloride  amounts  to  only  a  fraction 
of  blood  chloride  over  a  salinity  range  from  sea  water 
to  fresh  water  (  Beadle  and  t  ragg.  1940a.  hi.  and  in 
Mytilus  cil nhs  tissue  chloride  i  foot  tissue!  amounts 
to  less  than  half  tliat  of  the  blond,  both  in  sea  and 
brackish  water  (  Table  2). 

High  cajiacities  for  ion  regulation,  tissue  tolerance 
to  fluctuations  in  ionic  ratios,  and.  |x)ssibly\  osmotic 
stabilization  hv  means  of  dissolved  organic  substances 
represent  inqxirtant  physiological  prerequisites  for 
successful  establishment  under  estuarine  conditions. 
The  molecular  mechanisms  involved  in  active  ion 
trans|N>rt  are  not  yet  well  understood  It  has  hem 
demonstrated,  however,  that  active  transport  depends 
ultimately  on  metabolic  energy  i  Ackerman,  1962 1. 

Volume  regulation  is  known  to  occur  in  a  variety 
of  estuarine  organisms.  In  fact,  the  ability  to  regulate 
hixlv  volume  apjxrars  to  lie  an  inqiortant  characteris¬ 
tic  of  most  estuarine  s|iecirs.  l'|nm  a  sudden  change 
in  salinity,  volume  regulators  not  only  lose  or  gam 
water  but  also  lose  or  gam  salts.  A  change  in  volume 
is  indicative  of  a  distortion  in  the  steady  state  balance 
of  the  continuous  inflow  and  outflow  of  water  and 
salt  In  volume  regulators,  such  distortion  initiates  a 
whole  series  of  rcs|«onscs  and  adjustments  leading  to 
changes  in  |>ermeahility  am!  excretory  processes,  ami 

Table  2  Chloride  levels  m  blood  ami  muscle  tissue 
i  loot  i  of  the  lameltihranch.  Mytdns  cduhs.  (  I  )  Imli 
viduals  krt>t  In  norma!  sea  water.  i2l  24  hours  after 
transfer  into  ddutrsl  sea  water.  (3)  48  hours  after 
transirr  into  diluted  sea  water  \ll  ememlratuxis  are 
given  m  mvi  kg  Hd  >  i  Viter  Krogh.  P>3#i 


noiiilRci 

1 1 

Muscle  Cl 

K  eternal 

1  i  Sea  water 

189 

ys: 

2 1  Ihlutrd  «ca  water 

aftrr  aMhuut* 

2X3 

inn 

2W 

3  1  Diluted  sra  water 

after  -4M  U*jr* 

224 

55 
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Fig.  1.  Volun*  regulation  in  larvae  of  the  imlychaetr. 
Marfhysa  i/ravelyi.  Smoothed  curve*  show  percentage  of 
increasr*  of  volume  in  water*  of  lowered  salinity  (After 
Krishnanioorthi,  1951 1. 

H  >  i.i  I  tv  to  a  new  stead*  state  Ivil.mcc  between  the 
organism  ami  it*  external  medium.  The  adjustment* 
involved  may  take  minutes,  hour*,  or  even  days.  Some 
rury hilinc  protozoans  exhibit  volume  regulation  when 
exposed  to  changing  salinities.  Their  major  regula- 
torv  mechanism  ap|irars  to  be  the  contractile  vacuole 
(Kuching  1938.  I<H«,  1951.  1952,  1954;  Muller. 
1936;  Olierthur.  1957).  On  tlie  other  hand,  some 
protozoan  s|>ccies  are  capaMr  of  regulating  their 
volume  in  the  absence  of  a  contractile  vacuole.  The 
apjiarent  osmotic  volume  in  the  red  alga,  Penfkyra 
ptr\orata,  is  nearly  constant  between  about  17  and 
35  This  volume  regulation  is  assumed  to  be  due 
to  differential  shrinking  and  *wH!;ng  of  structural 
I >oly saccharides  and  not  to  active  water  secretion 
i  Kppley  and  Cyrus,  1960i.  Further  examples  of 
volume  regulators  are  Strfts  dh-ersieolor  (Beadle, 
1931.  1037;  Kills.  |937.  1039;  Nchheper.  1929a.  h). 


I  t  Z  Wiiiw  rrguUlxm  n  thr  tricUd  tnrbrllanan. 
/V.vrdii  diw.  m  Up  and  natural  ilmnt  mater  I  Viet 
rantm  |9Jlb;  fr«*n  Prwrse  and  tiwntrr.  1957) 
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Fig.  3.  Schematic  cross  sections  through  the  turbel- 
larian.  Proeer.ides  utiae.  ( I )  ( 'nodition  during  exposure 
to  undiluted  sea  water  of  approximately  35  %,.  (2)  A 
few  In  Airs  after  transfer  into  3.5  %,  ;  water  has  entered 
through  the  ectoderm  and  caused  considerable  >  veiling 
of  parenchyma ;  gut  cells  begin  to  culled  the  water  hi  thr 
f«  'm  of  intracellular  vacuoles.  (3)  About  12  hours  after 
transfer ;  gut  cells  Itave  removed  most  of  the  water  and 
thus  drcrra*ed  in  body  volume  (  After  Bea’lle,  1934) 

Xereis  t  irens  (Topping  and  Fuller.  1942),  Morphyso 
i/ficrfr:  i  Fig.  I  i  )  Kris^oamoorthi,  1951).  Physco- 
sotim  japomeum  l  Roller,  1939 1,  i' roe  erodes  nit-tie 
(Beadle.  1934:  I’antin.  1931b;  Weil  and  I’antin, 
1931  i,  Caremus  rtuieruu  (  Bethe  »*/  al ...  1935;  \agd. 
19.34).  (Jaslerosleus  lemrus  (tiueylard.  1925).  Pleuro- 
meeles  piatesxa  )  llenschcl,  1936).  Two  examples  may 
he  presented  in  more  detail.  The  triclad  turbrllarian. 
Prot  erodes  i  formerly  (Vandal  a Ivor,  lives  in  [)evoei- 
slnre  estuaries,  which  are  characterized  by  consider¬ 
able  diurnal  salinity  fluctuations.  Proe erodes  is  most 
almndant  almut  halfway  between  high  and  low  tide 
levels,  and  twice  daily  lias  to  tulv.aU  a  decrease  in 
salinity.  If  these  worms  are  exposed  to  distilled  water 
or  soft  Plymouth  tap  water,  they  rapidly  increase  in 
volume  and  finally  burst,  if  exposed  to  natural,  hard 
stream  water,  the  volume  increases  about  70  percent 
and  alter  a  while  begins  to  decrease  (Fig.  2).  Under 
these  conditions  survival  is  possible  for  several  days 
i  Weil  and  1‘antm,  1931).  The  regulatory  mecha¬ 
nisms  involved  include  changes  in  membrane  perme¬ 
ability.  which  are  related  to  the  state  of  acclimation 
as  well  as  the  calcium  content  of  the  surrnunding 
water.  Another  a*|nxt  ol'  the  regulatory  mechanisms 
is  the  removal  of  excess  water  by  the  gut  epithelium 
i  Fig.  3 1  Part  of  this  water  seems  to  be  stored  in 
gut  cells  during  the  low  salinity  phase  (  Pantin. 
1931a.  b  >  The  estua'tne  pfvchwtr.  Xertis  dtvrrri- 
i  (dor.  uses  a  combination  of  different  regulatory  meth¬ 
od*.  After  exposure  to  reduced  salinities,  body  vol¬ 
ume  increases  temporarily,  but  urine  flow  from  the 
nephridia  is  subsequently  augmented,  and  as  a  revtth 
body  volume  der  lines  again  i  I  lea.  Be.  1937  »  ;  at  thr 
same  time,  reduction  in  salinity  rausrs  salt  l»i.  which 
iv  compensated  for  by  an  increase  in  active  salt  up¬ 
take  i  Frrttrr.  1955.  Jorgensen  and  IVales.  1957  )  In 
«rry  low  salinities  A  drtYtsu  <Jor  may  hr  aide  to  re 
absorb  some  salts  in  it*  nephridia!  tubules  and  thu* 
(.nature  a  urine  hyponsmotic  to  thr  sumwinding  water 
i  Potts  ami  Parr*.  J9h3  > 

Closely  related  to  changes  in  body  volume  are 
changes  in  hrdy  weight  Increase  m  eohtmr  due  to 
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Fig  4.  Changes  m  body  weight  in  the  freshwater  living 
fish,  Cobia  fttr.taldu.  after  transfer  into  brackish  water 
of  Jk  s  0.65*  C.  ami  in  thr  euryhalmr  fish.  haslerntleus 
It- turns,  after  transfer  into  sea  watrr  t»<  4  =  202*  C 
<  After  Gurylard,  1925) 

osmotic  water  uptake  is.  of  course,  always  combined 
with  increase  in  body  weight;  howrvrr.  weight  in¬ 
crease  is  not  always  paralleled  by  volume  increase. 
Hard-shelled  estuarine  annuls,  for  rxampl  .  may  rx 
hibit  osmotic  water  uptake  and  weight  increase  when 
excised  to  hyjioosniotic  water.  Imt  their  hard  outer 
surfaces  restrict  volume  changes.  An  example  ol 
weight  changes  in  fishes  is  presented  in  Figure  4.  In 
ti»e  freshwater-living  fish,  (iobio  fltnialdis.  transfer 
into  hvperusmotic  brackish  water  leads  to  loss  of 
water  and  weight  which  is  irreversible  ami  soon  lie 
conies  letlial.  The  euryhalme  fi-h.  hasterostens  let- 
urns.  on  the  ‘ither  hand.  is  ca|>nblc  of  coni|iensating 
for  tlie  initial  water  loss  and.  thus,  of  surviving  a 
sudden  increase  in  salinity  1 1  >oc>  lard.  1925). 

Osmoregulation  is  a  capacity  found  in  tlie  ma¬ 
jority  of  estuarine  organisms.  Most  of  the  aquatic 
algae  mvrstigateil  tend  to  numtam  an  internal  osmo- 
concrtilration  somewhat  higher  than  that  of  the  sur- 
ruunding  water.  Their  ability  to  withstand  osmotic 
stress  ilrpends  ultimate?!  on  tlie  resistance  of  their 
protoplasm  to  alterations  m  salt  cimcmtration  t<  dul¬ 
lard.  I9n2>.  Marine  algae  vary  crmsnlerably  iti  their 
o>m«s-ii»Kenlr.itto*i.  Some  are  barely  turgid,  others 
maintain  values  almost  twice  tlw>se  of  sea  water. 
Brackish  water  forms  usually  are  quitr  by  (wrosmnttc. 
and  freshwater  algae  often  have  very  high  osnmtic 
.allies  of  atwwit  5  atm  •  Hltnks.  1951  >  I' he  Capacity 
to  maintain  turgor,  even  in  abnormally  high  salinities, 
may  be  surprising! »  great  .  llaehtsl a.  for  cvamjdc. 
maintamrs!  turgor  in  sr»  water  concentrated  to  tlie 
ja>i ot  of  salt  crv  stalliratHin  t  Btmnmg.  19.44)  In 
(  han.-m.-rfha  itnnm  turgor  remained  almost  con¬ 
stant  at  I4K  to  |n  5  atm  over  a  salinity  range  i  hvl 
arvred  artiheia!  vea  water  i  from  fresh  water  to  35  3. 
*  hrssefcr.  |959>  The  pbynolsigy  and  bnsrhemistrs 
of  algae  and  their  osmoregulatory  mechanisms  Have 
brm  reviewed  In  fitmkv  *  J95J  i  and  len'fi  *  I9tv2  ). 

In  aquatic  invertebrates  and  fishes  the  most  eft 
rirtit  osovoregulators  nvai  exhibit  a  c**isntrraMc  dr 
gtve  of  osmostahdity  over  salinity  ranges  of  up  to  JO 
or  30  v..  resulting  m  an  apprtxiauie  relative  it»W- 


pendetice  of  salinity  variations.  High  osmoregula- 
tive  capacities,  however,  are  not  a  necessary  pre¬ 
requisite  for  a  successful  existence  under  estuarine 
conditions.  Kuryhalinity  may  also  be  based  on  high 
tissue  tolerance  to  reduced  or  increased  salt  concen¬ 
trations  or  may  simply  involve  low  permeability. 

With  respect  to  their  regulatory  capacities,  osmo- 
regulators  can  lie  subdivided  into  eury  haline,  holeury- 
haline,  and  oligohaline  regulators.  Kuryhaline  osmo- 
rrgulators  can  regulate  sufficiently  in  water*  of  fluc¬ 
tuating.  reduced,  or  increased  salinities,  but  over 
longer  |ieriods  require  more  salt  than  is  available  in 
pure  fresh  water.  Kxamples  arc  the  polychaetes. 

V eren  dh-ersuolttr  i  Schliejier,  1929a.  b.  1930;  Smith. 
1955a.  b.  c.  1956 1  ;  X  frets  limmeola  i  formerly  liyhli  t 
i  Smith,  1957,  1959 1  ;  tlie  crustaceans,  liammorns  lo- 
(  HSU.  (,.  oblnsalns  i  Beadle  and  Cragg.  1940a  i.  (i. 
dnebent  i  Beadle  and  Cragg.  1940a ;  Kinne.  1952 1,  <»'. 
nviMirw,  M  armoyammarns  pnmarehieus  l  Wcrntz, 
in  I’ro'ser  ami  Brown,  1961  i.  Careinus  moci uu  I  Du¬ 
val,  1925:  Nagel,  19.V4;  Schliejier.  1929a,  hi.  Kluthro- 
fanofens  harrisii  <  Kmne  and  Kottliauwc,  19521, 
I’olaemoneles  ’strums.  I'alaemon  terrains.  I’alaemon 
syni/la.  1‘anaens  induus,  /'.  <  annalus,  Meltifenaens 
dobsom  i  I’amkkar.  1939,  1940.  1941,  1950.,  Mela 
pendens  monoeeros  i  I’anikkar  and  Yiswanathan. 
I94fli,  fill  erenniata  i  Jones.  194'  i,  Irony  on  eran- 
yon  i  Brorkema,  1941  ;  Fltigrl,  195*1),  Artemia  sal i no 
( c  roghan.  195Xa.  Id.  I'aehwrapsns  erassipes  )  Jones. 
1941  i  ;  the  tishes.  hosier  os  teas  i  ( iuevlard.  1924:  Koch 
ami  liruts.  1942).  .InynilUt  s  allamamt.  1943).  vari 
ous  cvjirinov  touts ;  ami  many  others  I  Black.  1957 ; 
Krogh.  193*1 ;  Nicol.  190);  I’carw.-  ami  limiter,  1957; 
1‘rivsser  ami  Brown.  I‘*6|  )  )  Fig.  5  i. 

Ilolruryhalme  osmorcgulators  are  able  to  regulate 
sufficiently  in  media  ranging  from  pure  fresh  water 
to  full-strength  sea  water  or  higher.  F.xamples  are 
tire  crab,  lirits-heir  sinensis  t  Koch.  1954.  Koch  ami 
Kvans.  1  ')Vw.  b:  Schhcjvr.  1**35 :  Scholles,  1933; 
Schvvalie.  1933  i  ;  the  fishes.  CyfriRsf"*  mm  alarms 
ami  f-nnjnlns  hetertnltlns .  ami  pr*  sunuldy  many  tur- 
brll.vmns.  i. 'tilers,  ami  iJigvwluetr .  i  Kinne.  1064b). 

OUgohahne  osimirrgulalors  cal.  regulate  in  IMA| 
fresh  water,  hut  odlapse  in  sa' unties  rxrrrsling  a  CT 
parts  '"er  thousand,  Their  lusty  duals  are  hyjier- 
osmotic  lo  the  surriAimling  water.  To  this  group  he 
long  most  ol  tlie  tspical  freshwater  anmuU  i  l-ig  hi 

Among  the  hslws  die  rlastnobr  anchs  am!  the  osmo- 
labile  hagfidres  arr  unique  in  Isas  mg  I4»*vil  which  is 
about  tsswrsirvotic  with  sea  water  In  cljsmobranch* 
the  actual  salt  coetlrtil  ol  thr  homevrr.  is  usu 

alls  ciieisnlrr  ahlv  hriow  that  or  sea  water  ami  ts  nut 
vers  different  fnei  lliat  of  thr  hipsstivtK  marine 
tr-lesrsts;  rlasjrw>hr anchs  make  up  the  difference  by 
maintaining  a  high  cwvtent  ot  urea  in  their  Hod 
I'fvn  rrtrrmg  an  estuary,  euryhalme  rlasmobt vnehs 
hover  live  urea  c»mtrnt  of  their  I4<«!  and  thus  reduce 
their  interna!  ..uiwmcmlntmi  qsnckli  and  effec 
tivels  »  I'earse  and  t -unlef .  1957  ). 

The  mrrhamsms  rmpfoyed  in  osmoregulation  hair 
rexeivesl  much  aflentwm.  particularly  those  o2  crania 
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I* IK  5  I.  sample*  *H  mmiKic  rr%|«o<iscs  (change*  in 
MumJ  mnKAuncriilralHm  I  in  run  lultnc  osmoregulatory 
exposed  !<■  varutnfh  in  salinity  I  Irrih  wafer  to  about 
50  ‘..i,  ( t  dtwtvm  anti  K.  karruti  IrtJ,  Kijtuj  are  hyjer- 
osmotic  regulator*.  Iiriiig  hyierosinotif  in  ililufetl  m 
wafer  but  more  or  Itn  itusmule  in  higher  salinities  t 
i  ri'wa/u/d.  <  .  crjMfiim,  anti  A.  rd/inti  are  hyperosmotic  ami 
liypoosmotic  regulators.  being  hyperosmotic  in  ililufetl  >ra 
water  ami  hypoosmotie  in  higher  salinities  t  After  vari¬ 
ous  author*.  frien  Kinne.  19ftJb>. 

realty  and  hshrs  In  these  two  groups  the  mechanist:, 
arc  complex,  oiten  involve  several  organ*  or  organ 
*y  -terns.  and  nut  be  >tnJer  endocrine  ami  nervous 
control.  For  extensive  recent  reviews  and  discussions 
on  osmoregulatory  capacities  and  n  tee  ham- ms  in 
Crustacea,  consult  Kinne  l  I963H.  1964b>.  latckwood 
N'icol  •  l**f 0 ».  l’rosser  ami  I’.rown  (  19bl  ). 
Robertson  c  1957.  19tRJtt  i,  ami  Slaw  t  |9n0f.  The 
iiuitt  osmoregulatory  organs  arc  gills  I  often  resnon- 
sil4e  for  salt  halancri.  gut  i  often  rrs|»«n>il>le  for 
water  lulancri.  antmiul  glands  un  some  crustace- 
aiti  i.  wphridial  ratals,  ami  built  surfaces 

i.stiurme  invertebrates  ami  fishes  lack  effective 
iitccttatnsiits  tor  trni|<eratiirr  regulation  ami  are.  m 
essence,  thermo  contormers  Temperature  fluctuations, 
thus,  affect  tlvetr  basic  life  processes  directly  ami  w  th 
cxisulerabie  impact.  unless  esca(w  by  hcotmititwi  or 
Iransiornulion  into  resting  stages  is  asatlahle 

\t  1 1  !U  vims 

Acchmatim  oummm  aceltm.ttiralhwi.  two  (t 
itrltc  adaptativui  >  i»  tisuahresi  liere  as  an  eeologtea! 
tJtcrvontrm «t  ciettpf ntng  adjustment*  <>!  organisms  to 
aiteratnwis  tn  the  intensity  (-'’terns  o!  sariatles  tn 
their  env  irtwintent.  which  ultimatef>  mult  m  a  rela¬ 
tive  increase  i  the,:  rapacite  to  survisr.  reproduce, 
•a  (Twijwtr  sarb  adjustment*  are  adv  antagessis  in 
an  obseelivr  sense  and  can  be  assessed  i}uantitat;*-e!i 
h  measuring  differences  in  performance  of  individu 


als  with  different  environmental  experiences.  The  net 
result  of  acclimation  is  compensation  for  adverse  as¬ 
pects  of  environmental  circumstances,  often  leading 
to  an  increase  in  stability  and  in  homeostasis  and 
hence,  in  organisntic  independence  (Kinne  1963b. 
1964a.  b.  c  i.  This  definition  separates  "acclimation" 
from  the  more  general  term  "response",  which  refers 
to  any  reaction  to  an  environmental  stimulus,  whether 
it  lie  adaptive  or  not.  A  major  difference  between 
acclimation  and  regulation  is  that  regulation  is  a 
rather  fast  process,  resulting  primarily  from  routine 
activities  ol  specific,  pre-existing  regulatory  organs, 
while  arclinution  results  in  actual  changes  in  the  re¬ 
sponse  mechanisms,  require*  time  to  develop,  and  may 
involve  all  levels  of  organising  functions  and  struc¬ 
tures  In  organisms  under  stress,  regulation  and  ac¬ 
climation  may  I  with  occur  simultaneously  and  nay  not 
tie  completely  separable  in  all  cases.  Nevertheless,  it 
appears  necessary  for  the  physiologist  to  differentiate 
between  these  two  types  of  rnuipcnsatnry  means  in 
ordrr  to  nuke  a  pro|>rr  analysis.  For  further  details 
concerning  recent  considerations  on  the  concept  ol 
nun-genetic  adaptation,  consult  Adolph  i  1964  i.  Kinne 
i  1964a,  b.  C  t.  I’rccht  i  1964  i.  and  I'rossei-  I  1964  i. 

In  estuarine  organisms  acclimation  to  environmen¬ 
tal  variations  ap|>CArs  to  lie  of  greater  ini|Nirtancc 
than  arclinutions  to  extremely  low  or  high  intensi 
ties.  Most  of  the  ex|H-rinieiital  work  on  physiological 
asjiects  of  non-gcnctic  adaptation,  however,  has  been 
carried  out  by  rx|>osing  the  test  organism  to  constant 
low.  norma),  or  high  factor  intensities,  information 
on  acclmation  to  ffuctuating  conditions  is  lacking 
Furthermore,  most  of  the  work  has  been  done  l:> 


1  ig  b  4  vasnpdr*  d  tsnWii  rr»p«i»r»  1 1  tsangrs  r 
is» e-aw-ml  rats-ei  I  m  h4euMha!mr  swerguUt-ws 
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vatyitig  one  factor  only,  a  situation  which  hardly 
occurs  in  estuaries.  There  is  urgent  need  for  new 
studies  on  non-genetic  adaptation  in  estuarine  organ¬ 
isms,  performed  under  conditions  simulating  nature. 
Such  studies  are  likely  to  add  significantly  to  our  in¬ 
complete  knowledge  concerning  the  imp-  *ance  of 
acclimation  as  a  means  of  physiological  compensation 
for  estuarine  conditions. 

The  literature  on  non-genetic  adaptation  to  salinity- 
variations  is  scanty.  N'ext  to  nothing  is  known  about 
acclimation  to  alterations  in  solute  composition,  al¬ 
though  several  investigations  on  ionic  requirements 
have  been  carried  out,  for  example,  on  aquatic  plants 
(Blinks,  1951;  Guillard.  1962;  Lewin  and  Guillard. 
1963;  Fiovasoli.  1958) ;  crustaceans,  a  fish,  and  other 
animals  (Berger,  1929);  and  the  cnidarians,  Cordy- 
lophora  caspia  (Fulton,  I960,  1962;  Roch,  1924)  and 
Hydra  lilloralis  (Lenhoff  and  8ova:rd.  1960:  I.oomis. 
195-5).  Acclimations  to  salinity  appear  to  involve  pri¬ 
marily  functional  and  structural  adjustments  concern¬ 
ing  water  and  salt  balances.  The  simplest  and  pre¬ 
sumably  most  ancient  type  of  non-geneiic  adaptation 
io  salinity  is  overall  tissue  acclimation  in  osmocon- 
formers  lacking  specific  organs  lor  effective  regula¬ 
tion.  Osmoregulators  employ  specialized  regulatory 
jrgans  such  as  gills,  gut,  or  excretory  glands,  which 
then  presumably  tend  to  represent  the  primary  sites  of 
acclimation. 

Tne  literatur  ■  on  acclimation  h  temperature  in 
euryhaline  invertebrates  and  fishes  comprises  several 
hundred  papers.  The  present  status  of  our  knowledge 
with  respect  to  life  in  estuaries  will  therefore  be 
documented  here  only  by  referring  to  a  few  examples 
and  previous  reviews. 

In  the  time  course  of  non-genetic  adaptation  to 
changed  conditions  of  salinity  or  temperature,  three 
phases  niav  be  distinguished:  (1)  immediate  re¬ 
sponses,  such  as  shock-type  reactions  or  over-  and 
undershoots  of  performance :  they  begin  seconds  or 
minutes  after  a  significant  environmental  change  and 
often  have  a  positive  survival  value  ;  they  may  not 
constitute,  however,  an  integral  part  of  the  subse¬ 
quent  acclimation  process  per  se  in  all  cases;  (2)  the 
process  of  stabilization,  which  begins  with  decreasing 
fluctuations  in  performance  and  ends  with  the  attain¬ 
ment  of  the  new  steady  state;  and  (3)  the  new  stead' 
state  of  perfr  nuance. 

In  estuarine  organisms,  the  duration  of  the  stabili¬ 
zation  period,  or  the  time  between  a  substantial  long- 
lasting  change  in  salinity  or  temperature  conditions 
and  the  completion  of  the  respective  acclimation 
processes,  see:  is  of  special  interest.  In  the  organisms 
tested  so  far  the  process  of  stabilization  lasts  any¬ 
where  from  several  hours  to  severa.  weeks.  More 
than  50  percent  of  the  total  itsulting  amount  of  accli¬ 
mation  is  often  achieved  within  the  first  portion  of  the 
stabilization  period,  immediately  following  latency: 
towards  its  cud,  the  gain  in  acclimation  decreases  pro¬ 
gressively.  The  duration  of  the  stabilization  period 
tends  to  decrease  with  increasing  metabolic  rate.  It 
depends  on  the  amount  and  dynamics  of  the  change  in 


salinity  or  temperature,  on  the  parameter  measured, 
ami  on  other  simultaneously  effective  environmental 
factors  Possibly  the  |<criod  of  stabilization  is  shorter 
in  organisms  normally  exposed  to  pronounced  long¬ 
term  environmental  fluctuations.  In  microorganisms, 
stabilization  may  last  only  minutes  or  hours.  In  the 
stickleback.  Gastcrosteus  L'iurus,  transferred  from 
fresh  water  into  blood-hyperosmotic  brackish  water, 
acclimation  appears  to  lie  largely  accomplished  within 
a  few  hours  (Gueylard,  1925).  The  crayfish.  Aslacus 
aslacus,  if  transferred  from  its  normal  freshwater 
medium  into  blood-isoosmotie  brackish  water  of  15 
reaches  a  new  steady  level  of  blood  osmoconcentra- 
tson  after  12  days;  simultaneously,  (3._.  consumption 
decreases  and  reaches  a  new  steady  level  at  60  per¬ 
cent  of  the  origin-!  values  after  20  to  30  days  (  Herr¬ 
mann.  1931 :  Schwabe,  1933).  In  the  mud  crab, 
Hcmigrapsus  oregonensis,  measurable  acclimation  to 
approximately  51  c/,c  required  more  than  five  days, 
strong  acclimation,  22  days  (Gross,  1963  i.  The  mus¬ 
sel,  M stilus  cdulis,  exhibits  a  higher  metallic  rate 
in  the  Baltic  Sea  at  15  than  in  the  North  Sea 
at  30  %r\  if  North  Sea  individuals  are  transferred 
into  water  from  the  Baltic,  tissue  0.>  consumption 
increases  20  percent  within  a  few  hours ;  further  in¬ 
crease  is  slow  so  that  the  steady  state  consumption 
of  Baltic  Sea  mussels  is  reached  only  after  four  to 
seven  weeks  (Sehlieper.  1955). 

In  crayfish  exposed  to  a  change  in  temperature 
from  4"  to  23“  C„  acclimation  to  the  higher  tem¬ 
peratures  is  apparently  completed  in  less  than  24 
hours  (Spoor,  1955).  The  crabs.  Hcmigrapsus  iiudus 
arid  II.  oregonensis,  can  regain  thei-  tolerance  to 
high  temperatu.es  after  a  low  temperature  history 
within  less  than  one  week  (Todd  and  Dehnel.  1960). 
In  the  shore  crab,  Pachygropsus  crassipcs,  respira¬ 
tory  acclimation  to  a  temperature  change  of  7.5°  C. 
was  found  to  require  a  half-time  of  about  6  days 
(Roberts.  1957).  In  various  fishes  metabolic  accli¬ 
mation  to  a  different  temperature  level  takes  four  to 
five  days  (Preclit.  1949).  The  marine  fish,  GirclUi 
nigricans,  gains  about  50  percent  of  the  total  resulting 
change  of  cold  tolerance  in  two  days:  complete  accli¬ 
mation  (constant  cold  tolerance)  is  achieved  in  about 
20  days  <  Doudoroff,  1942).  In  American  lobsters, 
Honuirits  americanus,  previously  kept  at  14.5“  C.  and 
then  transferred  into  an  acclimation  temperature  of 
23.0“  C.  for  periods  ranging  from  1  to  31  days,  sur¬ 
vival  time  was  determined  at  30  C.  These  experi¬ 
ments  demonstrated  that  thermal  acclimation  began 
only  after  a  latent  period  of  some  ten  days  and  was 
complete  after  about  22  days  ( McLeeso,  1956).  In¬ 
tertidal  molluscs.  .  Inikica  liiiuitula,  when  transplanted 
front  low-level  to  high-level  localities,  exhibit  a  sub¬ 
sequent  decrease  in  heart  pumping  rate,  within  29 
days  the  heart  beat  becomes  finally  equal  fi  that  of 
the  high-level  individuals,  when  measured  at  a  given 
temperature  (Segal,  1956). 

Obviously,  quick  adjustments  to  new  salinity  or 
temperature  intensities  are  advantageous  to  estuarine 
organisms.  However,  too  fast  adjustments  may  be 


ESTl'AtlNE  ORGANISMS — SAMNITV  AND  TEMI’ERATIKE 


r 


533 


detrimental.  They  may  gear  the  organism  into  a  fast, 
endless  series  of  "on-off  responses”  without  ever 
reaching  a  new  steady  level  (at  which,  energy  re¬ 
quirements  may  Ik-  considered  most  economical  under 
the  circumstances ). 

The  New  Steady  State  After  a 
Change  in  Sai.inity 

The  new  steady  state  following  a  change  front  one 
salinity  level  to  another  has  been  studied  with  em¬ 
phasis  on  lethal  salinity  limits,  rates  of  metabolism 
and  activity,  and  osmoregulative  capacity.  In  gen¬ 
eral.  acclimation  to  subnormal  salinities  tends  to  shift 
the  lower  lethal  limit  downward,  and  acclimation  to 
supranormal  salinities  tends  to  shift  the  upjter  lethal 
limit  upward.  Although  there  are  many  examples 
available  from  literature  to  illustrate  this  relationship, 
the  mention  of  McLeese’s  work  ( 1956)  on  the  lobster, 
Homarus  americanus,  may  suffice  here. 

The  new  steady  level  of  metaliolism  may  be  ( 1 ) 
higher  in  subnormal  salinities  and  or  lower  in  supra¬ 
normal  salinities.  ( 2)  higher  both  in  subnormal  and 
supranormal  salinities,  ( 3 )  lower  both  in  sub-  and 
supranormal  salinities,  or  (4)  essentially  unaffected. 
Most  species  tested  belong  to  type  ( 1 ) ;  the  poly- 
cliaete,  Nereis  diversicolor  (Schlieper,  1929a,  b);  the 
crustaceans,  Carcinus  maenas,  Eriphia  spinifrons 
(Schlieper,  1929a.  b:  Schwabe,  1933),  Gammarus 
locusta  (Schlieper,  1929a,  b),  Potamon  cdulis  (Raffy, 
1934),  Gamnuirus  duebeni  (Kinne,  1952),  Uca  spp. 
(Gross,  1957),  and  Hemigrapsus  oregonensis  (Deh- 
nel.  1960)  ;  the  mollusc,  Alderia  modcsla  (Friedrich, 
1937 ) :  unfertilized  eggs  of  the  starfish,  Astcrias  gla¬ 
cial  is  (Borei,  1936) :  and  the  fish,  Petromyzon  mar i- 
nus  (Fontaine  and  Raffy,  1935).  Examples  for  type 
(2)  are  the  crustaceans,  Ocypode  quad  rata  (syno¬ 
nym:  O.  albicans)  (Flemister  and  Flemister,  1951), 
Palacmonctes  variant  (Lofts.  1956),  and  Metapcnacus 
monoccros  (Rao,  1958).  Examples  for  type  (3)  are  the 
anthozoan,  Metridium  marginatum  (Schoup,  1932) ; 
the  mollusc,  Mytilus  cdulis  (Bouxin,  1931;  Beliaev 
and  Tschugunova,  1952:  see,  however,  the  criticism 
by  Remane  and  Schlieper,  1958 ) ;  and  various  species 
of  starfish,  Astcrias  ( Maloeuf.  1938;  Meyer,  1935; 
Schlieper,  1929a,  b).  Examples  for  type  (4)  are  the 
wool-handed  crab,  Eriocheir  sinensis  (Schwabe,  1933; 
Krogh,  1939) ;  and  the  fishes,  Sargus  and  Scorpacna 
(Raffy,  1932a,  b),  Fundulus  hctcroclitus  (Maloeuf, 
1938L  and  Anguilla  anguilla  (Raffy,  1933). 

In  Metapcnacus  monoccros,  increase  of  Oa  con¬ 
sumption  due  to  transfer  into  sub-  or  supranormal 
salinities  is,  after  prolonged  exposure  to  the  new 
salinity,  followed  bv  a  gradual  lowering  of  respira¬ 
tory  rate  towards  the  original  level  (Rao,  1958). 
Complete  acclimation  of  the  freshwater  living  cray¬ 
fish,  Astacus  astacus,  to  increased  salinity  results  in 
a  reduction  of  the  osmotic  gradient  and  fall  in  urine 
output  by  half  in  8  %c  and  to  negligible  amounts  in 
15  to  20  %o  (Herrmann,  1931;  Schwabe,  1933)  The 
breakpoint  of  the  blood-medium  curve  in  Callincctes 
sapidus  collected  in  dilute  sea  water  occurs  at  lower 


salinity  values  than  it  does  in  individuals  collected 
in  full-strength  sea  water;  after  acclimation  of  crabs 
from  dilute  sea  water  to  full-strength  sea  water,  how¬ 
ever,  the  l>reak|>oint  shifts  towards  higher  salinities 
(  Anderson  and  I’rosser,  1953).  Individuals  of  Hemi¬ 
grapsus  oregonensis,  which  had  been  exposed  for 
more  than  20  days  to  about  51  %c  salinity  (150  per¬ 
cent  sea  water),  exhibited  a  greater  capacity  for  os¬ 
moregulation  in  high  salinities  than  individuals  that 
were  previously  exposed  to  approximately  34  %e  ( 100 
percent  sea  water).  This  acclimation  occurred  both 
after  a  sudden  or  a  gradual  salinitv  increase  (Gross, 
1963  >. 

Salinity  changes  may  affect  not  only  the  rate  but 
also  the  efficiency  of  metabolic  processes.  !n  the  fish. 
Cyprinodon  macularius,  for  example,  a  given  amount 
of  food  is  converted  into  different  amounts  of  body 
substance,  depending  on  the  salinity  history  of  the 
individuals  (  Kinne,  I960,  1963c).  Osmoregulation  in 
sub-  or  supranormal  salinities  might  be  expected  to 
use  extra  energy  (Croghan,  1961).  Acclimations 
leading  to  an  increase  in  efficiency  of  regulation 
would  decrease  the  energy  requirement  for  mainte¬ 
nance  (reduction  of  food  requirements)  and.  hence, 
afford  a  significant  competitive  advantage. 

In  addition  to  the  functional  acclimation  to  salinity 
mentioned  above,  there  is  some  evidence  of  structural 
acclimation.  Thus,  in  the  hydroid,  C ordylophora  cces- 
pia,  prolonged  exposure  (days  to  weeks)  to  different 
constant  salinities  results  in  a  number  of  structural 
adjustments  involving  the  shape  of  whole  colonies, 
the  number,  length,  and  diameter  of  tentacles,  size  and 
shafie  of  hydranth  bodies,  number  of  cells  per  hy- 
dranth,  shape  of  individual  cells  (depth  and  width), 
as  well  as  the  size  of  nuclei  and  nematoevsts.  At  a 
given  normal  temperature,  transfer  into  a  new  salin¬ 
ity  level  will  be  followed  by  a  gradual  reorganization 
of  structures  until  certain  conditions  are  attained; 
this  structural  status  will  be  modified  again  after  a 
further  change  in  salinity  (Kinne.  1956.  1958a,  b). 
Such  continuous  adjustments  have  been  produced 
experimentally  even  in  specimens  with  identical  geno¬ 
types.  Their  most  obvious  net  results  are  changes  in 
surface  area  and  in  surface  to  volume  ratios  in  hy- 
dranths  and  single  cells,  implying  quantitative  altera¬ 
tions  in  metabolic  performance.  In  the  eurvplastic 
l’acific  pink  salmon.  Oncorhynchus  gorbuscha,  indi¬ 
viduals  raised  in  sea  water  have  somewhat  fewer  kid¬ 
ney  glomeruli  than  individuals  raised  in  fresh  water 
(Ford.  1958).  If  exposed  to  diluted  sea  water,  the 
Indian  euryhaline  fish.  Etroplus  maculatus,  decreases 
the  diameter  of  its  glomeruli  and  shows  structural 
changes  in  its  kidney  tubule.  With  acclimation  to 
higher  salinities,  E.  maculatus  increases  the  thickness 
of  the  tunica  propria  of  its  gut  wail  and  the  number 
of  goblet  cells  in  the  lining  gut  epithelium  (Virabhad- 
rachari,  1961  ).  In  the  herring,  Clupea  harengus, 
hatching  length  and  some  meristic  characters  vary 
as  a  function  of  the  salinity  conditions  effective  dur¬ 
ing  incubation  ( Blaxter  and  Hempel,  1961 :  Holliday 
and  Blaxter,  I960),  and  in  the  pupfish,  Cyprinodon 
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maeularius,  incubation  salinity  has  been  shown  to 
affect  the  body  form  of  newly  hatched  individuals 
(Kinne  and  Sweet,  1964;  Sweet  and  Kinne,  1964). 
Similar  structural  consequences  of  salinity  have  been 
reported  in  a  number  of  other  fish  species,  particularly 
with  respect  to  alterations  in  numbers  of  vertebrae 
and  fin  rays,  gill  structure,  and  surface  area.  They 
may  be  of  adaptive  value  and  significantly  modify  the 
performance  of  an  individual. 

The  New  Steady  State  After  a 
Chance  in  Temperature 

There  is  much  information  concerning  the  new 
steady  state  of  performance  (relative  to  the  original 
one)  after  a  defined  change  in  constant  temperature. 
Many  of  the  pertinent  contributions  have  been  re¬ 
viewed  by  Bullock  (1955),  Frv  (1947),  Kinne 
(1963a,  b,  1964a,  b,  c),  Precht  (1958,  1961),  Precht 
et  al.  (1955),  Prosser  (1955,  1958a,  b),  and  Prosser 
and  Brown  ( 1961 ).  A  few  examples  will  be  presented 
below,  first  at  the  functional  level,  with  special  refer¬ 
ence  to  lethal  temperature  and  metabolic  rate,  then  at 
the  structural  level. 

Functional  acclimation  to  extreme  cold  and  heat 
is  well  documented.  Acclimation  to  subnormal  tem¬ 
peratures  generally  tends  to  shift  the  lower  lethal 
limit  downward,  and  acclimation  to  supranormal  tem¬ 
peratures  tends  to  shift  the  upper  limit  upward.  Ex¬ 
amples  are  the  crustaceans,  Homarus  (McLeese. 
1956),  Streptuccphalus  (Moore,  1955)  and  Artemia 
(Grainger,  1958)  ;  the  green  fish,  Girclla  nigricans, 
had  a  lower  lethal  temperature  of  13°  C.  after  accli¬ 
mation  to  28°  C.  and  of  4.5°  C.  after  acclimation 
to  12°  C.  (Doudoroflf,  1942);  for  further  exam¬ 
ples  consult  Brett  (1946,  1952),  Christophersen  and 
Precht  (1952a,  b,  1953,  1956),  Doudoroff  (1942, 
1945),  Fry  ct  al.  (1942,  1946).  Hart  (1947).  Hatha¬ 
way  (1927).  Kruger  (1962).  Loeb  and  Wastenevs 
(1912),  and  Precht  ( 1963,  1964).  Non-genetic  re¬ 
sistance  adaptation  to  cold  or  heat  seems  to  be  corre¬ 
lated  to  changes  in  intermolecular  forces  leading  to 
different  degrees  of  stabilization  of  protoplasmic  com¬ 
ponents.  In  many  cases  a  gain  in  cold  or  heat  resist¬ 
ance  appears  to  be  paralleled  not  only  by  increased 
protoplasmic  stability,  but  also  by  a  relative  decrease 
in  biochemical  activity.  Unspecific  increase  in  general 
resistance  to  environmental  stress  as  a  by-product  of 
acclimation  to  a  given  single  factor  has  been  reported 
in  several  cases.  Thus,  acclimation  to  extreme  tem¬ 
peratures  may  result  in  concomitant  increase  in  re¬ 
sistance  to  low  oxygen  concentration,  radiation,  and 
chemical  poisoning.  The  upper  lethal  temperature  is 
a  useful  tool  in  assessing  intra-  and  interspecific 
(genetic)  differences  in  thermostability  (Brett,  1956; 
Fry,  1947,  1957;  Fry  et  al.,  1942;  Fry  ct  al.,  1946; 
McLeese,  1956;  Todd  and  Dehtiel,  1960).  It  can 
also  !>e  used  to  assess  the  amount  and  speed  of  non- 
genetic  adaptation.  Experimental  heat  death — parti¬ 
cularly  when  measured  as  protein  denaturation  at  ex¬ 
treme  high  temperatures — appears,  however,  to  be 
indicative  of  qualitative  differences  in  basic  proper¬ 


ties  such  as  primary  protein  structures,  rather  than  of 
more  subtle  quantitative  divergencies. 

Non-genetic  adaptation  of  metabolic  rate  to  new 
levels  of  temperature  has  received  much  attention.  All 
possible  quantitative  differences  between  the  original 
level  of  performance  and  the  new  steady  state  that 
may  follow  a  defined  change  in  temperature  have  been 
considered  and  classified  by  Precht  (1949,  1958). 
Precht  et  al.  (1955),  and  later  in  a  modified  version 
by  Prosser  (1958b).  Precht  distinguishes  five  types: 
(1)  overcompensation;  (2)  perfect  or  “ideal”  com¬ 
pensation,  resulting  in  constant  rate  functions  after 
complete  acclimation  to  different  experimental  tem¬ 
peratures;  (3)  partial  compensation,  the  most  fre¬ 
quent  case;  (4)  no  compensation;  and  (5)  inverse 
compensation.  Prosser  distinguishes  four  basic  pat¬ 
terns:  (1)  little  or  no  compensation,  indicated  by 
little  or  no  change  in  the  position  of  rate  temperature 
curves  (log  rate  plotted  against  temperature);  (2) 
shift  in  position  (translation)  of  rate  curves  without 
change  in  Q10;  (3)  change  in  Qt0  (rotation)  of  rate 
curves  without  shift  in  position ;  (4)  translation  com¬ 
bined  with  rotation.  Little  is  known  about  what  these 
different  types  and  patterns  imply  in  terms  of  the 
underlying  physiological  mechanisms.  According  to 
Prosser  and  Brown  (1961),  translation  implies  a 
change  in  activity  (in  the  thermodynamic  sense)  of 
some  enzyme  system,  and  rotation  implies  a  change 
in  Q)ft  and  hence  in  activation  energy.  Factors  most 
likely  to  cause  translation  are  alterations  in  enzyme 
concentration,  in  relations  among  enzymes  (in  series 
or  parallel),  and  in  external  factors  other  than  tem¬ 
perature  (salinity,  pH,  etc.).  Factors  most  likely  to 
cause  rotation  are  alterations  in  enzymatic  protein,  in 
enzymatic  pathways  and  some  cofactor. 

Acclimation  to  changes  in  temperature  expresses 
itself  not  only  in  alterations  and  shifts  of  lethal  limits 
and  metabolic  rate,  but  it  may  also  affect  the  tem¬ 
perature  preferendum  (Pitt  et  al..  1956;  Zahn,  1962). 
intra-  and  interspecific  competition,  behavior,  orienta¬ 
tion,  and  bm'cgical  rhythms  and  quantitative  changes 
in  biologically  important  substances.  In  wool-handed 
crabs,  Eriochcir  sinensis,  kept  in  fresh  water,  ex¬ 
posure  to  low  temperatures  of  1°  to  3°  C.  results 
in  a  marked  decrease  of  free  proline  concentration  in 
the  intracellular  pool  of  amino  acids  in  muscles,  com¬ 
pared  with  individuals  kept  at  15°  C.  (Duchateau 
and  Florkin,  1955).  In  Daphnia  supranormal  tem¬ 
peratures — at  constant  02  pressure — augment  the 
amount  of  hemoglobin  ( Florkin.  1960).  In  the  fishes, 
Elatypoecilus  and  Xiphophorus,  temperature  decrease 
from  28°  to  22°  C.  causes  a  significant  rise  in  the 
level  of  amino  acids  (Anders  et  al.,  1962). 

Structural  acclimation  to  temperature  is  docu¬ 
mented  by  relatively  few  reports.  In  various  crusta¬ 
ceans,  changes  in  temperature  have  been  shown  to 
cause  morphological  color  changes  involving  differ¬ 
ences  either  in  the  amount  of  pigment  per  pigment 
cell  or  in  number  of  chromatophores  per  unit  area, 
or  both  (Brown,  1934).  In  poeciliid  fishes,  tempera¬ 
ture  decrease  may  accelerate  and  intensify  the  forma- 
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tion  of  pigment  cells.  Thus,  a  decrease  from  28* 
to  22*  C.  resulted  within  eight  days  in  an  increase 
in  the  number  of  scale  melanophores  50  times  that  of 
the  controls  (Anders  ct  al.,  1962).  Changes  in  body 
size  and  sha]>c,  number,  length,  and  diameter  of  ten¬ 
tacles,  cell  dimensions,  cell  number  per  hydranth,  and 
size  of  nuclei  and  nematocysts  due  to  acclimation  to 
different  constant  temperatures  have  been  demon¬ 
strated  in  the  hydroid,  Cordylopkora  caspia  (Kinne 
1956,  1958a,  b).  Structural  adjustments  of  body  size 
and  shape  are  furthermore  documented  by  the  phe¬ 
nomenon  of  cvclomorphosis  in  Cladocera  (Brooks, 
1946,  1947,  1957;  Lieder,  1951;  Ostwald,  1904; 
Wesenberg-Lund,  1900;  Woltereck,  1913)  and  Cope- 
poda  (Margalef,  1955).  Daphttia  cucullata  and  D. 
rctrocurva  exhibit  the  most  spectacular  changes  of 
helmet,  head  crest,  and  spines,  particularly  if  the 
parthenogenetic  young  developed  at  high  tempera¬ 
tures  of  at  least  18°  C.  to  20°  C.  Such  structural  ad¬ 
justments,  however,  may  not  have  an  adaptive  value. 
They  may  largely  represent  incidental  expressions  of 
a  functional  acclimation  to  the  overall  seasonal  condi¬ 
tions,  especially  to  high  temperature  and  increased 
water  turbulence.  These  two  factors  appear  to  affect 
relative  growth  of  the  different  body  parts  through 
an  increase  in  metabolic  rate  (Brooks,  1957 ;  Hrbacek, 

1959) .  In  many  invertebrates  and  fishes,  final  body 
size  tends  to  be  larger  in  individuals  exposed  to 
slightly  subnormal  temperatures  than  in  those  living 
at  normal  or  supranorma!  temperatures.  In  stickle¬ 
back,  Castcrosteus  aculcatus,  various  meristic  charac¬ 
ters  vary  as  a  function  of  incubation  temperature 
(Lindsey,  1962).  In  another  euryhaline  fish.  Cyprino- 
don  macularius,  body  length  (Kinne  and  Kinne,  1962) 
as  well  as  body  form  (Kinne  and  Sweet,  1964;  Sweet 
and  Kinne,  1964)  of  newly  hatched  fry  are  signifi¬ 
cantly  affected  by  the  temperature  conditions  during 
incubation.  Similar  effects  have  been  reported  for 
other  marine  and  estuarine  fh  ncs  such  as  the  herring 
( Blaxter  and  Hempel.  1961  ;  Holliday  and  Blaxter, 

1960) .  Such  structural  modifications  may  be  of  adap¬ 
tive  value  for  the  individual  involved. 

CONCLUSIONS  AND  SUMMARY 

Kstuarine  organisms  exhibit  a  variety  of  compensa¬ 
tory  measures  reducing  the  impact  and  potential  ill 
effects  of  their  rough  osmotic  and  thermal  environ¬ 
ment.  Our  present  knowledge  concerning  physiologi¬ 
cal  compensations  for  extreme  conditions  of  salinity 
and  temperature  has  been  reviewed  under  four  sub¬ 
headings,  namely,  escape,  reduction  of  contact,  regu¬ 
lation,  .and  acclimation.  It  should  be  especially  em¬ 
phasized  that  the  latter  three  aspects  may  occur 
simultaneously  in  one  individual  and  may  not  always 
lie  clearly  distinguishable  to  the  last  detail :  neverthe¬ 
less,  such  subdivision  makes  it  possible  to  present  the 
multiplicity  of  physiological  responses  described  in 
literature  in  some  order,  and  may  prove  a  useful  tool 
for  further  analyses. 

With  respect  to  salinity,  regulation  ( ion,  volume, 
osmoregulation)  and  reduction  of  contact  appear  to 


tie  most  important.  With  respect  to  temperature,  ac¬ 
climation  represents  the  essential  means  for  compen¬ 
sation  :  winter  conditions  are  also  met  by  escape  into 
deeper  water  or  the  substrate,  and  by  transformation 
into  resting  stages.  The  information  on  hand  indi¬ 
cates  that  compensatory  means  for  adverse  salinity 
conditions  are  more  immediately  available  and  better 
developed  than  those  for  temperature.  Adverse  tem¬ 
peratures  are  tolerated  rathtr  than  compensated  for 
and.  thus,  greatly  affect  activity,  metabolic  rate,  re¬ 
production,  and  other  functions,  as  well  as  structural 
aspects. 

In  future  studies  on  the  physiology  of  estuarine 
organisms,  more  attention  should  be  paid  to  the  ef¬ 
fects  of  environmental  fluctuations  (factor  amplitude 
rate  of  change,  and  duration  of  extreme  intensities) 
and  to  polyfactorial  analyses.  Monofactorial  ap¬ 
proaches  based  on  experiments  employing  different 
constant  intensities  of  a  single  environmental  factor 
are  insufficient.  There  is  a  great  need  for  long-term 
experiments  using  fully  acclimated,  healthy  individu¬ 
als  and  measuring  ecologically  important  end  points, 
such  as  growth,  food  conversion  efficiency,  and  rate 
of  reproduction. 
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Osmotic  and  Ionic  Regulation  in  Estuarine  Crabs 
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The  decapod  Crustacea  have  drvelo]>ed  a  wide  vari¬ 
ety  of  regulatory  processes  to  maintain  osmotic  and 
ionic  stability,  and  these  processes  permit  consider¬ 
able  lability  in  physiological  response.  Most  marine 
Crustacea  are  osmotic  conformers ;  the  blood  is  iso- 
osmotic  with  the  medium.  Estuarine  and  coastal 
Crustacea  maintain  hyperosmotic  blood  in  dilute  me¬ 
dia,  but  isoosmotic  in  concentrated  media.  Terrestrial 
and  semi-terrestrial  animals  respond  to  variations  in 
salinity  by  regulating  their  blood  concentration  to 
hy|ierosmotic  in  dilute  media  and  hypoosmotic  in  con¬ 
centrated  media. 

The  processes  res|>unsihlc  for  the  maintenance  of 
an  osmotic  or  ionic  imbalance  between  the  blood  and 
the  external  media  relate  to  permeability  of  the  exo- 
skeleton,  regulation  of  water  volume,  active  uptake  or 
extrusion  of  ions,  reabsorption  of  water  and  ions  by 
the  kidney,  and  regulation  of  osmotic  and  ionic  con¬ 
centrations  at  the  cellular  level 

For  blood  to  be  regulated  with  regard  to  an  ex¬ 
ternal  salinity,  a  rather  delicate  balance  must  be  estab¬ 
lished  between  the  blood  and  renal  and  extra-renal 
:  outes  of  excretion.  These  latter  routes  not  only  con¬ 
cern  the  removal  of  water  and  ions  from  the  blood, 
but  involve  active  processes  against  concentration 
gradients  which  reduce  loss  of  water  and  ions.  Blood 
which  is  hyiwrosuiotic  tends  to  lose  salts  from  the 
IxkIv  and  gain  water.  I  lypoosmotic  blood  tends  to 
lose  water  and  gain  salts.  Production  of  hypixismotic 
urine  bv  hy]ierosmotic  animals,  and  hyjicrosmotic 
urine  by  hypoosmotic  animals  tends  toward  salt  and 
water  balance.  Recent  reviews  iLixrkwixxl,  1962; 
Potts  and  Parrv.  1964  >  give  further  details  on  these 
as|>ect>  of  osmoregulation. 

The  research  reported  in  this  pa|>er  concerns  the 
physiological  responses  of  an  estuarine  shore  crab. 
Ilemigrapsus  audits,  to  seasonal  variations  in  the  en¬ 
vironment.  and  to  a  series  of  tnn|>cr.iture  and  salinity 
combinations  during  a  given  season  The  res|x>nses 
concern  electrolytic  unbalances  of  the  bhxxl.  urine,  and 
muscle  with  res] nit  to  external  media  concentrations 
and  water  movement  hrtncrtt  tissues.  The  Gectro- 
Ivies  studied  arc  sodium.  [>otassiiim.  calcium,  mag¬ 
nesium.  and  chloride. 

The  area  in  which  these  crabs  were  collected  is 
subject  to  considerable  seasonal  fluctuation  in  teiu- 
jieraiure  and  salinity.  Summer  animals  i  June  through 
August  i  were  collected  during  a  |K*nod  of  relative 
tcnqieralurr  and  salinity  stability,  which  is  charac¬ 
terized  by  a  high  tcni|icrature  ( JOT  i  and  a  low 


salinity  ( I  1%,  or  35  percent  sea  water).  Winter  ani¬ 
mals  (  December  through  March)  were  collected  dur¬ 
ing  an  extended  jieriod  of  low  temperature  (5‘C.) 
and  high  salinity  t  24%,.  or  75  |>ercent  sea  water).  All 
experimental  salinities  were  based  on  a  standard  sea 
water  (100  peicent).  31.88%,  salinity,  17.65%,  chlo- 
rinity.  Concentrations  of  the  five  major  electrolytes 
in  100  percent  sea  water  writ  determined;  sodium, 
439  meq.l;  |>otnssiuni,  10.7  meq/l;  calcium,  24.9 
meq  1 ;  magnesium,  100  meq.l;  chloride,  497  meq.l. 
Experimental  tenqieratures  were  5*,  15*.  and  25*  C., 
and  experimental  salinities  were  6,  12,  25,  75,  100, 
125,  150,  and  175  percent  sea  water.  Ionic  fluxes  for 
summer  and  w  inter  animals  were  determined  at  all 
combinations  for  the  experimental  tenqieratures  and 
salinities. 

OSMOTIC  REGULATION 

Osmotic  regulation,  as  expressed  by  total  osmotic 
pressure  of  blood  and  urine,  showed  that  bhxxl  and 
urine  concentrations  fall  in  dilute,  and  rise  in  concen¬ 
trated.  media  at  rates  directly  related  to  the  gradients 
between  media  and  equilibrated  body  fluid  concentra¬ 
tions.  and  are  influenced  by  the  seasonal  adaptation 
of  the  animals  and  the  ex|ierimental  temperature. 
Major  changes  in  body  fluids  occurred  within  48 
hours.  Ilyficrosmotic  regulation  in  summer-adapted 
animals  resulted  in  isoosmotic  biood  and  urine,  sug¬ 
gesting  extra-renal  mechanisms.  The  production  of 
hv|KXi  lotic  urine  in  winter -adapted  animals  indi¬ 
cated  the  particqiation  of  the  antennary  glands.  Sum 
mer  and  winter  adaptation  tended  to  favor  stronger 
hyjicrosmotic  regulation  at  the  seasonal  tenqieratures 
than  at  tenqieratures  foreign  to  the  seasons.  Seasonal 
adaptation  of  osmoregulatory  mechanisms  in  llemi- 
grapsus  is  shown  to  alter  the  balance  of  active  process¬ 
es.  so  (hat  for  a  giver,  range  of  experimental  comb 
t ions  urine  is  lower  in  winter  than  in  summer,  both 
in  absolute  concentration  and  relative  to  the  bhxxl 
(  Itebnel,  19P2;  Dcluiel  and  Stone,  1964), 

UVMONIU  REGULATION— BLOOD 

Ion  concentration  in  bhxxl  of  summer  and  winter 
II  audits  as  a  function  of  salinity  is  shown  in  Figure  I 
i  sixbtim  and  jxitasstunil  and  Figure  2  i  calcium  and 
magnesium  >  These  seasonal  values  are  presented  at 
exi*rriiiimtal  temperatures  (  15’  U.  and  5*  t\  i  ap 
proxuiiatii.g  field  lenqierattirr*  in  summer  and  w  oiler 
l  I ~ *  t  and  5*  t  .  i  In  salinities  of  from  12  100  |x-r 
cent  sc  -.  water,  sixbum  and  potassium  are  maintained 
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Fig.  1.  S<x!ium  and  jtotassium  ion  concentrations  in  the 
hotly  fluids  of  winter  (5°  C.)  and  summer  (15*  C.) 
Ilfm'.iintl'siis  nndiis  as  a  function  of  salinity.  Each  point 
represents  the  mean  value  of  ten  measurements  after  ex¬ 
posure  for  24  hours  to  each  experimental  salinity. 

at  relatively  constant  blood  levels,  hypertonic  to  the 
media.  In  salinities  alxne  and  below  this  range,  regu¬ 
lation  liecomes  less  effective  and  concentrations  ap¬ 
proach  those  ef  the  media.  In  concentrated  salinities 
(above  100  percent  sea  water  ).  sodium  concentrations 
in  blood  of  summer  animals  are  isotonic  with  the 
media.  Winter  animals  in  concentrated  salinities, 
however,  exhibit  a  limited  hypotonic  regulation  of 
sodium.  Similar'y,  potassium  concentrations  in  blond 
of  summer  and  winter  animals  in  salinities  above  100 
percent  sea  water  are  maintained  hypotonic  to  the 
media.  'Ibis  hypotonic  regulation,  however,  can  be 
of  httle  adaptive  importance  to  these  animals  since 
field  salinities  greater  than  7 5  percent  sea  water  are 
rarely  encountered  in  this  area.  The  constancy  of 
hypertonic  calcium  regulation  in  dilute  salinities  is 
demonstrated  by  animals  in  both  seasons  (Fig.  2). 
Considerable  hypotonicity  is  maintained  for  magne¬ 
sium  over  most  of  the  salinity  range :  the  values  in¬ 
crease  from  only  19  to  52  meq/1  after  exposure  to  a 
change  in  external  magnesium  concentration  from  6 
to  179  mcq/1.  In  media  above  25  percent  water,  blood 
magnesium  is  regulated  at  about  one-third  the  medium 
concentration.  • 


Statistical  comparisons  of  seasonal  blood  ion  con¬ 
centrations  indicate  that  over  the  entire  salinity  range 
for  sodium  and  over  most  of  the  salinity  range  for 
potassium,  there  is  no  significant  seasonal  difference 
(Fig.  1 ).  In  salinities  from  1(K) — 1 50  percent  sea  water, 
summer  potassium  levels  are  significantly  higher  than 
winter  levels.  For  calcium,  however,  winter  crabs 
have  a  significantly  higher  blood  concentration  over 
the  entire  salinity  range  than  summer  crabs  (  Fig.  2). 
This  winter  calcium  level,  in  dilute  salinities  in  which 
the  blood  is  hypertonic,  is  equivalent  to  seawater  con¬ 
centrations  of  125-145  percent.  Comparable  summer 
calcium  values  are  95-115  percent.  Magnesium  con¬ 
centrations  in  blood  are  maintained  at  almost  the  same 
level  regardless  of  the  season  (Fig.  2).  Statistically 
significant  seasonal  differences  in  the  dilute  salinities 
reflect  the  lack  of  variation  in  the  regulation  of  this 
ion,  for  the  absolute  magnitude  of  difference  is  small. 
Such  slight  differences  are  probably  not  meaningful 
from  a  biological  standpoint. 

The  effect  of  temperature  (5°,  15°,  and  25°C.)  on 
blood  ion  concentrations  of  summer  and  winter  II. 
nudus  over  a  range  of  salinities  shows  that  in  dilute 
salinities,  concentrations  of  sodium,  potassium,  and 
calcium  are  maintained  hypertonic  to  the  media,  ap¬ 
parently  independent  of  experimental  temperature  or 
season.  In  concentrated  salinities,  limited  hypotonic 


Fig.  2.  Calcium  and  magnesium  ion  concentrations  in 
the  bxly  fluids  of  winter  (5°  C. '  and  summer  (15"  C. ) 
llfmir/raf’sus  nudus  as  a  function  of  salinity.  Each  point 
represents  the  mean  value  of  ten  measurements  after  ex¬ 
posure  for  24  hours  to  each  experimental  salinity. 
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regulation  is  effective  in  maintaining  the  concentra¬ 
tion  of  these  ions  slightly  below  the  media  concentra¬ 
tions  at  almost  all  combinations  of  temperature  and 
season.  Potassium  alone  show  s  a  consistent  seasonal 
difference  at  the  three  teni|>eratures.  winter  values 
tending  to  lie  tower  than  summer  values  in  media 
aliove  2 5  percent  sea  water.  Since  no  consistent  effect 
of  teui|ierature  on  seasonal  animals  could  lie  demon¬ 
strated.  it  apfiears  that  the  mechanisms  ini|mrtant  in 
maintaining  ion  hyprrtunicity  in  a  dilute  environment 
are  remarkably  tolerant  to  wide  temjierature  variation. 

This  is  not  altogether  true  for  the  response  of  mag¬ 
nesium  to  tem|ierature  at  each  season.  The  range  of 
magnesium  concentrations  in  the  hlood  (measured  in 
b  and  175  |ierceut  sea  water!  increases  with  increas¬ 
ing  trmjieraturc  in  both  seasons.  In  175  percent  sea 
water  the  total  variation  in  magnesium  concentration 
for  all  combinations  of  temperature  and  season  is 
only  from  49  to  (iff  me<|  1. 

L'rinc  ion  concentrations  of  summer  ami  winter  //. 
>tudus  in  relation  to  salinity  are  depicted  in  Figure  1 
i  sodium  and  |K>tassiunii  ami  Figure  2  f  calcium  and 
magnesium  ).  Winter  urine  sodium  concentrations  are 
significantly  higher  tlian  summer  values  in  most  of 
the  salinities  i 25-1 50  fiercent  sea  water).  Also,  in 
media  aliove  12  percent  sea  water,  winter  urine  so¬ 
dium  concentrations  are  hyficrtonic  to  winter  blood 
sodium  concentrations.  This  suggests  that  the  anten- 
nary  glands  actively  rid  the  blood  of  sodium,  con¬ 
tributing  to  a  winter  blood  sodium  condition  that  is 
hvjKitonic  to  the  medium  in  the  concentrated  salini¬ 
ties.  This  is  presumably  advantageous  in  that  ex¬ 
cessive  concentration  of  the  blood  in  high  salinities  is 
lessened.  In  dilute  media,  however,  sodium  excretion 
by  kidneys  tends  to  increase  sodium  loss  by  supple¬ 
menting  the  jassive  outward  diffusion  of  this  ion  (in 
salinities  of  25-100  percent  sea  water,  the  blood  so¬ 
dium  concentration  is  400-450  mcq  1.  equivalent  to 
sea  water  of  K5-100  percent').  Thus,  selective  extra- 
renal  sodium  uptake  from  a  dilute  environment  in 
order  to  maintain  blood  hy|irrtofiicity  is  opjmsed  by 
a  ms  bum  loss  due  to  antennary  gland  activity  Sum¬ 
mer  untie  sodium  concentrations  show  no  significant 
difference  from  summer  lihssl  concentrations  imbeit- 
aig  that  hyficrtonic  vslium  regulation  m  the  Wood  in 
this  seavu'  ;s  b\  extra  renal  mechanisms  Tlie  anten¬ 
nary  glands  are  ineffective  m  hypertonic  potassium 
regulation  in  summer  animats  because  tlie  urine  con¬ 
centrations  arc  essenlialty  iv*tniic  with  the  hh*»l 
concentrations  In  winter  crabs,  howrvrr.  matnte- 
nance  of  a  Mimd  potassium  concentrati-m  hypertonic 
to  the  media  is  assisted  bv  the  production  of  a  dilute 
urine  (I'f«>toote  potassium  regulation  in  nsedsa  above 
lti.l  percent  v'a  water  is  accomplished  in  both  sravms 
extra  rer.allv,  for  the  urine  is  essential!'  isotonic  with 
the  blood  I'rme  potass  li,"-.  concentration  n  sigmfi 
cant!'  higher  in  summer  than  >  winter  over  most  ■>! 
the  vahmts  range  Hypertonic  regulation  of  blood 
tak  urr.  it  accomplishes!  vilely  by  rctrarenai  mocha 
ivifflt  in  the  summer  because  the  unne  concentration* 


are  equal  to  the  blood  in  most  of  the  cxjierimental 
media  (  Fig.  2i.  In  winter  animals,  however,  there 
is  at  least  sonic  fiarticipation  of  the  kidneys  in  hypt  r 
tonic  calcium  regulation  in  salinities  of  100-150  |ier 
cent  sea  water,  for  the  urine  is  hypertonic  to  the  hlood. 
Thus,  extra-renal  absorption  of  calcium  in  dilute  me¬ 
dia  apfiears  to  Ik-  gradually  replaced  in  these  concen¬ 
trated  salinities  by  calcium  excretory  activity  of  the 
kidneys  W  inter  urine  calcium  levels  are  significantly 
higher  than  summer  levels  over  the  entire  salinity 
range. 

Whereas  regulation  of  the  other  ions  apfiears  to  he 
largely  a  result  of  extra-renal  processes,  the  hypo- 
tonic  regulation  of  blood  magnesium  is  effected  al¬ 
most  entirely  by  antennary  gland  activity.  Data  pre¬ 
sented  in  Figure  2  indicate  that  urine  magnesium 
concentration*  are  significantly  higher  in  both  winter 
and  summer  crabs  in  salinities  above  25  percent  sea 
water  than  comparable  blood  magnesium  values.  Thus, 
regulation  of  magnesium  in  these  salinities  is  by  ex¬ 
cretion  in  the  unrtr.  In  salinities  below  J?  fiercent 
sea  water,  blood  magnesium  concentrations  arc  hyper¬ 
tonic  to  the  medium.  Although  urine-hlood  isotonicity 
minimizes  magnesium  loss  in  these  dilute  salinities,  it 
is  iHHsihle  that  alisorptive  processes  also  contribute 
to  the  maintenance  of  hy  pcrtonicity.  In  salinities 
above  25  fiercent  sea  water,  summer  urine  magnesium 
is  markedly  hvjKitonic  to  the  media,  becoming  isotonic 
in  175  fiercent  sea  water,  and  winter  urine  magnesium 
is  slightly  hypotonic,  becoming  hypertonic  between 
125-150  percent  sea  water. 

Winter  urine  magnesium  concentrations  are  sig¬ 
nificantly  greater  than  summer  values  over  most  of 
the  salinity  range,  even  though  the  seasonal  blood 
levels  are  almost  identical.  Possibly  winter  crabs,  be¬ 
cause  of  their  seasonal  acclimatization  to  higher  en¬ 
vironmental  magnesium  levels,  are  more  effective  in 
excreting  magnesium  when  exf*  .<cd  to  an  excess  in 
the  cxperimenta!  media.  Summer  animals,  however, 
because  they  are  accustomed  to  lower  environmental 
levels  of  magnesium,  must  relv  on  accessory  organs 
of  excretion.  Thus,  summer  urine  is  less  C'mcmtratcd. 

The  seasonal  urine  values  for  vslium.  fmtassiutu. 
ami  calcium  are  comparaUc  in  magnitmle  ami  vari¬ 
ation  to  those  presented  for  Mood.  No  consistent  ef¬ 
fect  «il  trnqeraturc  on  ur'  ie  mu  conecmrations  could 
t*-  'letmmstratr'l 

Seavmal  variation  with  teni|>erature  in  urine  mag 
itrsium  concentration  shows  that,  in  media  above  27 
fiercent  sea  water,  the  urine  is  consistently  hypertonic 
to  the  bhx*!  Although  an  effect  of  temperature  on 
tins  son  is  not  demonstrated,  the  variability  in  urine 
magnesium  concentration  at  the  three  temperatures 
is  twice  that  of  the  hhxid  at  a  given  season  \‘alucs 
for  (he  other  i<«u  dnl  not  exhibit  this  difference  in 
sariabiltts  h.!weer  ihetwotsidi  fluids 

ihc  urine  Mot*!  ra!«>  is  indicative  of  the  extent 
•  •t  ktdwv  acti' its  in  the  regulation  of  a  Mood  mn 
Pius.  :t  the  l'  It  ratio  an  kki  f*fual*  or  approxt 
mates  unity,  there  can  he  no  parttcrpafHm  of  the  k-,d- 
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Fig.  3.  Relationship  of  urine-blocxl  (U/B)  ion  ratios 
of  summer  ami  winter  Hcmigrapsus  nudus  to  a  range  of 
salinities.  Each  point  represents  a  ratio  of  the  means 
of  ten  measurements  for  blood  and  urine  after  exposure 
for  24  hours  to  each  e.\|>er internal  salinity. 

neys.  for  the  urine  and  blood  are  isotonic.  Ratios 
greater  than  unity,  however,  indicate  urinary  excre¬ 
tion  :  ratios  markedly  less  than  unity  suggest  renal 
absorption. 

The  U  B  ion  ratios  for  summer  and  winter  II. 
nudus  are  shown  in  Figure  3.  As  expected,  U  H 
magnesium  ratios  deviate  markedly  from  unity  in  both 
seasons.  The  higher  winter  ratio  for  magnesium,  as 
noted  previously,  may  reflect  a  greater  potential  for 
magnesium  excretion  in  the  winter  population — a  ne¬ 
cessity  because  the  field  concentration  of  magnesium 
in  this  season  is  twice  that  of  the  summer.  If  the 
absolute  quantity  of  magnesium  ion  diffusing  into 
summer  and  winter  crabs  when  immersed  in  a  compa¬ 
rable  salinity  (above  25  percent  sea  water)  is  equiva¬ 
lent,  then  the  difference  in  the  amount  of  magnesium 
excreted  by  summer  crabs  must  be  eliminated  extra- 
renally,  since  the  blood  magnesium  concentration  is 
identical  in  the  two  seasons. 

The  maintenance  by  winter  crabs  of  a  constant 
hypertonic  blood  sodium  level  in  dilute  salinities  (Fig. 
1  i  is  accomplished  even  though  the  urine  has  a  sig¬ 
nificantly  high  concentration  of  this  ion,  represented 
here  by  lT  II  sodium  ratios  greater  than  unity.  Hy¬ 
pertonic  sodium  regulation  in  summer  animals  is 
effected  by  extra-renal  mechanisms,  since  U/B  ratios 
arc  near  unity.  A  limited  hypotonic  sodium  regulation 


in  concentrated  media  by  urinary  excretion  in  winter 
crabs  is  suggested  by  the  presence  of  ratios  greater 
than  unity.  Hypertonic  potassium  regulation  by  win¬ 
ter  crabs  in  dilute  salinities  is  aided  by  production  of 
urine  less  concentrated  than  the  blood,  indicated  by 
U/B  ratios  less  than  unity.  In  summer,  hypertonic 
regulation  of  potassium  and  calcium  is  only  by  the 
kidney.  Hypotonic  calcium  regulation  by  winter  crabs 
in  concentrated  media  is  assisted  by  calcium  excretion 
in  the  urine  (  Dehnel  and  Carefoot.  1965). 

CHLORIDE  REGULATION— BLOOD 

Blood  and  urine  response  curves  for  1,  3,  and  7 
days  ‘summer)  and  3  days  (winter)  at  a  series  of 
salinities  and  at  10°  C.  shows  that  major  changes  in 
blood  chloride  concentrations  result  during  the  first  24 
hours.  Following  this,  blood  is  regulated  at  levels 
which  are  significantly  hypertonic  from  the  lowest 
salinities  to  100  percent  sea  water,  and  then  summer 
blood  becomes  hypotonic.  Winter  blood  is  isotonic 
between  100  and  125  percent  sea  water,  and  subse¬ 
quently  becomes  hypotonic  (Fig.  4).  The  seasonal 
difference  in  the  chloride  concentration  of  the  blood 
is  evident  at  the  lower  experimental  media.  At  75 
percent  sea  water  and  above  winter  and  summer 
blood  are  isotonic,  except  at  125  percent.  There  is. 
however,  a  tendency  for  winter  blood  to  have  a  higher 
concentration  throughout  the  range  of  experimental 
media.  The  slopes  of  the  hypertonic  curves  for  sum¬ 
mer  and  winter  blood  concentrations  show  that  blood 


Fig  4.  Chloride  ion  concentration  in  the  lxxly  fluids 
of  winter  and  summer  Hcmigrapsus  nudus  as  a  function 
of  salinity.  Each  point  represents  tlie  mean  value  of 
twenty  measurements  after  exposure  for  72  hours  to  each 
experimental  salinity. 
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Fig.  5.  Sodium  and  potassium  ion  concentrations  in 
muscle  of  winter  and  summer  Hcmiurapsus  nudus  as  a 
function  of  salinity.  Kacli  point  represents  the  mean  value 
of  twenty  measurements  after  exposure  for  72  hours  m 
each  experimental  salinity. 

chloride  concentrations  are  relatively  dependent  upon 
the  concent! ntion  of  the  expenmemil  men...,  •  . 

though  sizable  gradients  exist  when  me  actual  con¬ 
centration  of  the  biood  is  compared  with  the  line  of 
isotonicity.  For  instance,  at  25  percent  sea  water, 
summer  blood  maintains  a  gradient  of  160  niecj  1,  and 
winter  blood.  250  meq/1.  At  125  percent  sea  water, 
winter  blood  is  isotonic  and  summer  blood  maintains 
a  minus  50  meq  1  gradient. 

Urine  chloride  concentration  changes  show  a  simi¬ 
lar  time  response  to  that  of  the  blood,  except  for  the 
higher  salinities  I  125-150  percent  sea  water).  Major 
changes  are  effected  during  the  first  24  hours.  At  the 
higher  salinities,  even  after  7  days,  changes  occur  at 
125  percent  sea  water.  After  24  hours,  urine  chloride 
concentration  is  significantly  hypertonic  to  the  experi¬ 
mental  media  as  well  as  to  the  blood.  This  hyper- 
tonicity  of  the  urine  exists  for  both  seasons.  Compari¬ 
son  of  winter  and  summer  urine  shows  that  winter 
urine  is  significantly  higher  than  its  summer  counter¬ 
part  at  up  to  100  percent  sea  water. 

Comparison  of  the  chloride  gradients  Ix’tween  urine 
and  hlood  generally  .'l  ow  that  winter  gradients  are 
significantly  higher  than  summer  ones.  This  results 
from  the  fact  that  urine  chloride  concentration  is 
hypertonic  to  blood  and  parallels  the  line  ot  isoto¬ 


nicity,  whereas  the  hlood  concentration  heroines  hypo¬ 
tonic  at  the  higher  salinities.  Further,  winter  urine 
concentration  is  hypertonic  to  summer  urine. 

•  f  winter  U  B  ratios  are  compared  at  three  selected 
salinities,  25,  75.  and  125  percent  sea  water,  there  is 
considerable  agreement.  Ratios  range  between  1.33 
and  1.40.  Similar  comparison  for  slimmer  values 
gives  a  range  from  1.31  to  1.46.  Summer  values  tend 
to  have  the  greater  range,  based  on  the  fact  that 
summer  hlood  concentrations  are  more  hypotonic  at 
higher  salinities.  The  significant  consideration  of 
these  ratios  is  that  they  demonstrate  renal  excretion 
of  chloride.  Hut  the  magnitude  of  deviation  from 
unity  would  suggest  that  there  is  an  extra-renal  route 
(Delinel,  1966). 

CATION  IC  R lit  i U LA T1  ON— M  CSC LE 

Sodium,  potassium,  and  calcium  ion  concentrations 
in  muscle  are  hypotonic  to  medium  concentrations  of 
the  respective  ions  except  at  6  percent  sea  water. 
Muscle  magnesium  is  hypertonic  at  the  lower  salini¬ 
ties,  but  then  maintains  a  hypotonic  concentration  as 
the  exernal  medium  concentration  increases.  Concen¬ 
trations  of  sodium  and  calcium  are  higher  in  summer, 
but  are  significantly  different  only  at  salinities  above 
100  percent  sea  water.  Concentrations  of  potassium 
and  magnesium  are  higher  in  winter,  and  are  signifi¬ 
cant  throughout  the  range  of  salinities  ( Figs.  5  and  6 ) . 

Comparison  of  the  concentrations  of  the  cations  of 
the  blood  and  muscle  show  that  blood  sodium  is  about 
five  times  greater  than  that  of  muscle,  whereas  muscle 
potassium  is  approximately  eight  times  greater  than 
the  blood.  Muscle  potassium  tends  to  be  slightly 
higher  than  muscle  sodium,  except  at  higher  salinities, 
where  the  sodium  concentration  rises  sharply.  Hlood 
calcium  concentration  is  three  times  higher  tb-m  ,lv>t 
ui  die  muscle,  am.  muscle  magnesium  is  so'  b  o 
higher  than  the  blood  at  low  salinities;  it  becomes 
lower  in  concentration  as  salinity  increases  (Delinel, 
1967). 

C 11  LOR  i  DK  RK(  '.ULA T 1  ON— M  C  SC  LK 

Muscle  chloride  concentration  (Fig.  7)  is  hypotonic 
to  the  experimental  media  concentrations,  except  at 
the  lowest  salinities,  where  it  is  isotonic.  Over  the 
range  6  to  100  percent  sea  water,  muscle  chloride 
maintains  a  concentration  of  approximately  100  mei|  I. 
Above  100  percent  sea  water  there  is  a  steady  in¬ 
crease,  until  at  175  percent  sea  water  the  concentra¬ 
tion  is  doubled.  Hlood  chloride  concentration  is  ap¬ 
proximately  four  to  five  times  greater  than  that  of 
the  muscle.  There  is  a  general  trend  for  chloride  to 
lie  higher  in  the  summer  than  in  the  w  inter  (Dehnel, 
1967 ). 

MUSCLE  AND  HLOOD  WATER 

Reference  to  Figure  8  shows  that  the  water  content 
of  the  blood  ranges  approximate!  Loin  881'  to  930 
mg  kg  wet  weight.  Funhei.  it  should  be  noted  that 
water  content  of  summer  hlood  tends  to  be  higher.  A 
regression  line  (.tied  by  the  method  of  least  squares. 
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MEOIUM  COf  :ENTRATION  (%$EA  WATER) 

Fig.  6.  Calcium  and  magnesium  ion  concentrations  in 
muscle  of  winter  and  summer  Hcmiyrapsus  nudus  as  a 
function  of  salinity.  Each  point  represents  the  mean  value 
of  twenty  measurements  after  exiKisurc  for  72  hours  to 
each  experimental  salinity. 

but  not  indicated  on  the  figure,  describes  the  data  as 
a  straight  line  at  920  mg  kg  wet  weight  tissue.  These 
data  show  that  as  medium  concentration  increases 
water  content  of  ‘he  blood  is  ronstan*. 

Water  content  of  muscle  tissue  ranges  from  690  to 
800  mg  kg  wet  weight.  As  with  the  blood,  water  con¬ 
tent  of  summer  muscle  tends  to  tie  higher.  The  re¬ 
gression  line,  again  not  shown,  demonstrates  that,  as 
salinity  increases,  water  content  of  muscle  decreases 
15  to  20  mg  kg  wet  weight  for  each  25  percent  in¬ 
crease  in  salinity  (  Dehnel,  196/  ). 

SUM  MARY  AN!)  CONTUSIONS 

In  low  salinities  16-75  |iercent  sea  water),  sodium, 
potassium,  and  calcium  ion  concentrations  in  the  blood 
of  Hcmiyrapsus  were  shown  to  be  considerably  hyper¬ 
tonic  to  the  media.  In  high  salinities,  ion  regulation 
liecamc  less  effective  and  concentrations  approached 
isotonicity.  Blood  concentration  of  magnesium  was 
found  to  tie  regulated  at  a  precise  hypotonic  level, 
approximately  one-third  that  of  the  medium  concen¬ 
tration.  Seasonal  differences  in  ability  to  regulate 
sodium  and  potassium  were  not  consistent,  whereas 
calcium  ion  concentrations  in  the  blood  in  low  :,n!im 
ties  are  higher  in  winter,  and  this  suggests  that  win¬ 
ter  animals  are  more  effective  regulators  of  this  ion. 
Concentrations  of  magnesium  in  the  blood  are  almost 


Fig.  7.  Chloride  ion  concentrations  in  muscle  and  blo<xl 
of  winter  and  summer  Hi'miiimpsus  nudus  as  a  function 
of  salinity.  F'ach  |H>ini  represents  the  mean  value  of 
twenty  measurements  after  exposure  for  72  hours  to  each 
experimental  salinity. 


MEOIUM  CONCENTRATION  <%  SEA  WATER) 

Fig  8.  Water  content  of  muscle  and  blood  of  winter 
ami  summer  1 1  rmiirjf'sus  nudus  as  a  function  of  salinity 
Fiach  point  represent*  die  mean  value  of  twenty  measure¬ 
ments  after  exposure  for  72  hour*  to  ea  h  exfierimental 
salinity 
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identical,  seasonally.  Hypertonic  regulation  of  .ai- 
iliuni,  potassium,  and  calcium  ions  was  shown  to  he 
primarily  effected  by  extra-renal  processes.  The  prill 
cipal  site  may  reside  in  the  lamellar  epithelium  of  the 
gills.  The  major  function  of  the  .unennary  glands  is 
the  maintenance  of  blood  magnesium,  and  there  is 
limited  hypotonic  regulation  of  sodium  and  calcium 
ions  in  high-salinity  media  by  excretion  of  these  ions 
m  the  urine.  In  dilute  salinities,  there  is  active  re¬ 
absorption  of  potassium  ions  in  the  kidney  tubules  in 
the  winter,  contributing  to  the  maintenance  of  potas¬ 
sium  hypertonicity  to  the  med'a.  It  is  suggested  that 
the  hypotonic  regulation  of  blood  magnesium  ion  con¬ 
centration  is  necessary  to  facilitate  neuromuscular  im¬ 
pulse  transmission,  and  appears  to  he  a  characteristic 
feature  of  ion  regulation  in  active  decapod  Crustacea. 

Blood  chloride  regulation  is  a  predominant  feature 
of  ionic  regulation  in  these  estuarine  crabs,  but  the 
degree  to  which  chloride  is  regulated  is  not  so  great 
as  that  of  sodium ;  that  is,  the  slopes  of  the  chloride 
regulation  curves,  at  100  percent  sea  water  and  below, 
are  not  as  flat  as  those  for  sodium. 

Major  gradients  are  maintained  between  muscle 
cations  and  the  blood.  Blood  sodium  and  calcium  are 
higher  than  that  of  the  muscle,  and  muscle  potassium 
and  magnesium  are  higher  than  the  blood.  All  muscle 


cations  are  hypotonic  to  medium  concentration^,  v 
minor  exceptions. 

Muscle  chloride  is  maintained  at  a  relatively  con¬ 
stant  level,  hypotonic  to  the  blood  as  well  as  to  the 
experimental  salinities. 

Changes  in  muscle  water  with  respect  to  experi¬ 
mental  salinity  changes  suggest  a  movement  of  water 
lietween  blood  and  muscle,  hut  the  maintenance  of  a 
constant  blood  water  content  would  indicate  changes 
in  filtration  rate  of  the  antennary  gland. 
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Physiological  Response  of  Estuarine  Animals  from  Different  Latitudes 
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Studies  concerned  with  latitudinal  physiological 
variation  in  marine  animal  populations  of  the  same 
or  closely  related  species  have  been  numerous  and 
instructive.  Discourse,  both  original  and  review,  is 
available  in  Scholander  et  al.  ( 1953),  l’rosser  (19551. 
Bullock  (  1955,  19581,  Segal  ( 1961 ).  Vernberg  ( 1962). 
Kinne  (1963),  I’recht  et  al.  (  1955),  and  Precht 
(  1958). 

If  we  now  move  out  of  the  strictly  marine  realm 
and  search  for  studies  concerned  with  latitudinal 
physiological  variation  in  brackish-water  or  estuarine 
populations  of  the  same  or  closely  related  species  we 
find  that  little  work  has  been  carried  out  in  this  area. 
Smith  ( 1959)  and  Kinne  ( 1964)  summarize  the  avail¬ 
able  ieiormation  within  reviews  more  generally  con¬ 
cerned  with  the  physiology  of  brackish-water  animals. 
In  original  and  comprehensive  programs  on  the  sub¬ 
ject,  one  name  stands  out — that  of  Carl  Schliepe'- 
(see  Kemane  and  Schlieper,  1958,  for  a  complete 
bibliography  of  the  earlier  work  from  Schlieper’s 
laboratory  ).  It  is  Schlieper’s  contention  that  the  sub¬ 
ject  matter  of  the  present  paper  is  the  main  problem 
to  be  analyzed  in  the  field  of  brackish-water  physi¬ 
ology.  It  is  from  the  study  of  brackish-water  ard 
estuarine  populations  that  we  will  gain  insights  into 
the  question  of  the  migration  of  species  from  marine 
to  brackish  wateis  and  from  brackish  to  fresh  waters. 
Whether  one  agrees  with  Schlieper  or  not,  it  is  an 
area  of  study  which  ha«  been  l.adlv  reelected. 

Why  has  it  lieen  neglected?  Distance  is  readily 
recognized  as  a  formidable  deterrent.  Hut  distance 
is  equally  formidable  if  one  is  studying  strictly  ma¬ 
rine  populations,  and  such  studies  are  certainly  not  at 
a  loss  for  contributors.  The  answer  must  lie  in  the 
analysis  one  must  undertake  in  an  attempt  to  inter¬ 
pret  the  response  of  estuarine  organisms  in  terms  of 
their  environment.  The  nu»t  fundamental  difference 
lietween  high  latitude  and  low  latitude  seas  is  tem¬ 
perature.  A*  Kinne  (  1963)  has  concluded,  many  of 
the  ftertinem  reports  comparing  the  physiology  of 
marine  imputations  from  different  latitudes  stress  that 
temperature  ap|«‘ars  to  lie  acting  as  an  ecological 
master  factor.  Brackish-water  and  in  particular  es¬ 
tuarine  populations.  on  the  other  hand,  are  living  in 
a  cycling  temperature-salinity  environment  so  com¬ 
plex  that  many  of  the  experts  in  the  field  of  estuarine 
research  cannot  come  to  common  agreement  as  to 
what  an  estuary  is  and  what  an  estuary  is  not.  It  is 
no  wonder  that  the  ecological  physiologist  has  shied 
away  from  this  area  of  study. 


In  the  present  paper  I  shall  survey  the  few  per 
tinent  studies  comparing  various  physiological  re¬ 
sponses  of  brackish-water  and  estuarine  populations 
from  different  latitudes.  Then  1  shall  comment  upon 
the  interpretations  of  these  data  relative  to  the  geno¬ 
typic  or  phenotypic  basis  for  the  observed  differences. 
Lastly,  I  shall  attempt  to  relate  these  data  to  the  cur¬ 
rent  theories  concerning  the  penetration  of  brackish 
waters  by  marine  species  and  the  penetration  of  fresh 
waters  by  brackish-water  species. 

LATITUDINAL  VARIATION 

As  I  have  previously  indicated,  r.  significant  bod\ 
of  work  conies  from  the  laboratory  of  Carl  Schlieper 
at  Kiel  (Schlieper,  1957).  Schlieper  and  his  co¬ 
workers  have  been  studying  the  North  Sea  (30  r/,,  i 
and  western  Baltic  Sea  (15  r )  forms  of  the  mussel. 
Mytilus  edulis,  and  the  starfish,  Astcrias  rubens.  The 
western  Baltic,  or  low-salinity,  forms  of  Astcrias 
rubens  are  smaller,  have  a  softer,  more  weakly  sclero 
tized  integument,  more  slowly  developing  gonads,  a 
higher  rate  of  tissue  metabolism,  and  a  longer  latent 
period  and  longer  turning-over  time  when  displaced 
from  their  normal  position.  Mxtitus  edulis.  which  is 
more  euryhaline  than  Asterias  rubens,  similarly  shows 
various  physiological  differences  in  the  low-  and  high- 
saline  populations,  The  western  Baltic  forms  have 
a  higher  gill  respiration,  regardless  of  the  tempera¬ 
ture  and  condition  of  the  gonads,  slower  heart  beat, 
reduced  ciliary  activity,  and  a  lowered  resistance  to 
heat. 

W  hen  North  Sea  Mytilus  edulis  were  transferred 
from  30  to  15',,.  the  oxygen  consumption  of  the 
gill  tissue  rose  quickly  and  reached  the  level  of  the 
Baltic  forms  in  four  to  seven  weeks.  When  the  Baltic 
animals  were  transferred  from  15  %c  to  30  r,'<,  there 
was  a  reduction  in  gill  respiration.  Schlieper  has 
concluded  that  the  physiological  differences  shown  by 
the  two  populations  are  neither  hereditary  nor  di¬ 
rectly  dependent  on  die  lowei  osmotic  coiiceiitiation 
of  the  animals  in  the  Baltic  Sea.  He  believes  there 
has  lieen  a  lengthy  process  of  adaptation  to  the  lower 
salinity  of  the  Baltic.  Further  tests  arc  under  way  to 
determine  whether  the  North  Sea  and  Baltic  Sea 
populations  do.  in  fact,  represent  physiological  races 
(Schlieper  per'-onal  communication).  Asterias  ru¬ 
bens,  Mytilus  edulis,  and  a  third  species,  the  anemone. 
Metridium  senile,  are  under  investigation  in  terms  of 
their  cellular  responses  to  heat,  cold,  varying  salini¬ 
ties,  and  varying  pressures.  In  addition,  these  work- 
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Table  1. 

Comparisi  m 

of  blood 

concentration 
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sea  water) 
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sea 
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water ) 
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Distilled  11,0 
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3.90 

8 

Distilled  H,G  29.1 
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ers  are  subjecting  the  populations  of  each  of  these 
species  to  different  stresses,  and  recording  the  time 
needed  for  a  complete  adaptation  or  readaptation. 

In  an  earlier  study  Beliaev  and  Birstein  (1944), 
compared  the  osmoconcentration  of  the  body  fluids  of 
the  amphipod,  Dikcrogammarus  hatmobaphes,  from 
the  Volga  River  and  the  Caspian  Sea  at  a  common 
temperature.  The  Volga  population  showed  a  higher 
level  of  regulation  in  dilute  media  and  a  shift  in  the 
point  of  isotonicity.  These  authors  have  concluded 
that  their  populations  belong  to  different  physiological 
races,  although  a  test  of  this  Hypothesis  has  never 
been  carried  out. 

l.anders  and  Toner  (1962)  studied  the  righting 
reflexes,  at  various  temperatures  and  salinities,  of  a 
population  of  the  polvclad,  Slylochus  i'll  i pi  inis,  living 
in  Milford  Haven,  Connecticut.  Earlier,  I’carse  and 
Wharton  (1938)  had  carried  out  a  similar  study  on 
a  population  of  the  same  species  living  at  Apalachi¬ 
cola  Bay,  Florida.  Comparing  the  results  of  the  two 
populations  revealed  that,  at  the  same  temperatures, 
locomotion  rates  of  Connecticut  worms  were  consist¬ 
ently  faster  than  those  of  Florida  worms.  Landers 
and  Toner  suggest  that  each  group  was  working  with 
a  different  physiological  race.  Their  conclusions,  in 
my  opinion,  are  not  warranted  on  the  meager  data 
available. 

The  oxygen  consumption  of  Cca  pugilatur  from 
Woods  Hole,  Massachusetts,  and  Florida  was  studied 
by  Demeusy  t  1957).  The  Woods  Hole  animals 
showed  obviously  faster  ().,  consumption  at  1.4*  C. 
hut  not  at  15*  C.  The  differences  lietween  the  popu¬ 
lations  were  not  abolished  after  eight  weeks  at  a  com¬ 
mon  temperature.  The  populations  also  differ  in 
color.  Demeusy  believe.,  these  differences  between 
the  populations  might  warrant  their  separation  into 


two  subspecies.  However,  she  is  well  aware  that  ^ 
breeding  tests  are  very  much  needed. 

Segal  and  Burbanck  ( 1963)  carried  out  a  series  of 
studies  on  Cyalhura  polila,  a  ubiquitous  amphipod 
inhabiting  estuaries  and  tidal  marshes  from  Maine  to 
Louisiana.  The  range  of  temperature  and  salinity- 
conditions  under  which  C.  polila  can  live  (0.5  %c 
to  17  Cc  salinity  with  a  temperature  variation  of 
about  2”  to  23*  C.  in  the  I’ocasset  River  on  Cape 
Cod,  Massachusetts,  to  a  virtual  thermo-  and  chenio- 
stat  of  approximately  1  salinity  and  21-23*  C.  in 
Silver  Cden  Springs,  Florida)  means  that  the  osmo¬ 
regulatory  demands  placed  upon  each  population  are 
quite  different. 

When  individuals  from  both  populations  are  tested 
over  a  series  of  salinities  at  a  temperature  common 
to  both  at  the  time  of  collection,  it  is  clear  that  each 
population  regulates  at  a  different  level,  particularly 
at  50  percent  sea  water  and  below  (Table  1  and  Fig. 

1  i.  Further,  although  there  is  no  significant  differ¬ 
ence  in  the  level  of  osmoregulation  in  these  popula¬ 
tions  in  their  natural  media  ( I’ocasset  animals  in 
river  water  at  low  tide.  1.5  percent  sea  water:  Silver 
(ilen  Springs  animals  in  3.5  percent  sea  water),  there 
is  a  striking  difference  in  salinities  below  3.5  percent 
sea  water.  The  osmoregulatory  ability  of  Silver  Glen 
Springs  animals  breaks  down  below  3.5  percent  sea 
water,  while  I’ocasset  animals  c..n  regulate  for  at 
least  a  week  in  distilled  water.  The  populations  also 
differ  in  their  osmoregulatory  liehavior  at  low  tem¬ 
perature  and  this  will  lie  dealt  with  in  more  detail 
shortly.  At  intermediate  and  high  salinities  and  at 
intermediate  tenqieratures  C.  polila  from  both  locali¬ 
ties  behave  as  typical  brackish-water  animals — hyper¬ 
osmotic  in  dilute  media  and  essentially  isoosmotic  in 
more  concentrated  media. 
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Fig.  1.  Relation  between  blood  concentration  and  con- 
i  er.tr- tioii  of  ntcdiiioi  at  *»*.  C.  in  C'  ^  •  ti  r  it  poltto  from 
Massachusetts  and  Florida  (Segal  and  Burbatick,  1963). 


In  all  the  studies  cited,  the  latitudinal!)’  separated 
populations  differ  in  one  or  more  physiological  activi¬ 
ties.  Except  for  Schliepcr’s  studies  in  the  western 
Baltic  and  North  Sea  where  the  obvious  main  differ¬ 
ence  in  the  environment  is  salinity,  there  is  no  single 
common  denominator  operating  as  a  function  of  the 
difference  in  latitude.  Although  temperature,  over 
short  or  long  term,  is  a  prime  suspect  because  of  its 
impact  on  physiological  variation  in  marine  forms,  it 
is  most  doubtful  that  physletog1- a  variation  between 
CstuarioC  or  br.n.ki.h  wafer  on*  ’’  -  isen  by 

a  single  environmental  parameter.  The  estuarine  or 
brackish-water  environment  is  too  complex  and  the 
present  stage  of  our  knowledge  too  meager  to  jiermit 
a  generalization. 

On  the  basis  of  one  or  more  physiological  differ¬ 
ences  in  latitudinal!)  separated  imputations,  many  oi 
the  workers  cited  have  concluded  that  the  populations 
they  dealt  with  were  "physiological  races”  of  each 
s|K*cies.  Postulation  of  physiological  races  assumes  a 
genetic  difference  U1  tween  populations.  Although  it 
is  true  that  physiological  races  can  only  come  alxmt 
through  the  o|x'ratiou  of  environmental  lactors.  it 
does  not  automatical!)  follow  that  estuarine  or  brack¬ 
ish-water  populations,  which  are  products  of  discon¬ 
tinuous  and  widely  divergent  ecological  conditions, 
are  necessarily  genetically  different — at  least  not  with¬ 
out  some  adequate  tests.  Smith  i  1959 1  has  discussed 
this  problem  at  length.  He  feels  that  one  must  not 
onlv  ask  the  right  questions  of  organisms,  but  rule 
out  acclimation  phenomena  by  the  proper  tests  and 
carrv  out  breeding  ex|ieriments  over  at  least  two 
generations  liefore  one  can  claim  that  he  is  dealing 
with  genetically  distinct  physiological  races.  Schhe- 
jier’s  studies  on  Mylilus  cduhs  from  the  North  Sea 


and  Baltic  Sea  hear  this  out.  Reciprocal  transplanta¬ 
tion  of  mussels  between  the  two  areas  eliminates  the 
differences  in  oxygen  consumption  between  the  two 
populations.  In  other  words,  a  phenotypic  acclima¬ 
tion  was  responsible  for  the  initial  difference,  since 
the  physiological  activity  was  reversible  with  trans¬ 
plantation.  It  seems,  then,  that  unless  we  can  show 
that  a  physiological  difference  is  not  phenotypic  we 
should  be  cautious  in  invoking  physiological  races, 
particularly  when  our  information  is  purely  descrip¬ 
tive  although  of  a  nhysiological  nature. 

PENETRATION 

Related  to  the  problem  of  physiological  variation  in 
latitudinal!)  separated  populations  of  species  is  the 
question  of  whether  penetration  of  brackish  waters  by 
marine  species  and  penetration  of  fresh  water  by 
brackish-water  species  is  more  likely  or  would  be 
easier  when  the  tein|jpature  is  high  than  when  it  is 
low — thus  at  the  IcMer  as  compared  with  the  higher 
latitudes.  Whether  on  experimental  or  on  purely 
philosophical  grounds,  numerous  authors  have  agreed 
with  the  dictum  of  von  Martens  (1858)  that  migra¬ 
tion  from  the  sea  occurred  in  tropical  regions  where 
the  temperature  of  rivers  and  seas  is  nearly  uni¬ 
form  and  generally  warm.  The  comparative  richness 
of  the  fauna  of  tropical  and  subtropical  estuaries,  as 
compared  with  temperate  and  northern  estuaries,  sug¬ 
gests  that  the  invasion  of  estuaries  is  easier  in  warm 
waters. 

Segerstn.de  (  1949,  1950)  lists  a  number  of  species 
which  are  not  found  in  fresh  water  in  the  Baltic  re¬ 
gion.  although  these  species  have  freshwater  “races" 
farther  south.  Milne  (  1940  i.  comparing  the  penetra¬ 
tion  of  the  same  species  i  i Itoritm  litturca,  /’child 
vult/ahi.  Halaims  /><i/<iih>k/.\i  i  ;n  various  estuaries  in 
France  and  England  i  l-at.  48s-57*N),  found  a 
greater  penetration  of  populati-  ■  of  the  same  s|iecies 
m  French  estuaries.  This  siigg  ds  a  tein|»erature  ef¬ 
fect,  but  since  no  salinity  data  ari  given,  the  situation 
merits  further  study,  i'aunikar  )  1  **5 1  )  accepts  the 
thesis  that  penetration  is  more  likely  in  the  farmer 
parts  of  the  range  of  a  s|>ecies  or  in  a  s|>ecies  living 
in  warmer  waters  and  suggests  that  it  may  be  corre¬ 
lated  with  increased  osmoregulatory  ability  at  higher 
tem|K‘ratures. 

Studies  in  whch  the  organisms  have  lieen  usked  a 
s|«citic  question  in  the  l.dmratnrv  have  led  to  con¬ 
flicting  results,  i  Do  von  osiiioregiilate  at  a  higher 
level  or  at  lower  salinities  when  the  tcni|ierature  is 
high  or  w  ben  it  is  low  ?  i 

Smith  (  I95(,»  measured  the  chloride-regulating 
ability  of  the  polvcharte,  .V Vrcij  Jiifrsu i>lor,  from  six 
liuro|>caii  localities.  1  he  animals  regulated  over  a 
range  of  salinities  from  about  to  |  ',r  l  I  ( 1 
sea  water  i.  AYr.-ix  from  marine-dominated  habitats 
died  in  fresh  water  while  animals  from  water  of  low 
salinity  did  not  die  hi  fresh  water  regar  Hess  of  the 
latitude.  But  for  all  |M>pu)ations  the  plateau  of  t  I 
regulation  was  very  much  at  the  same  level  regardless 
of  the  origin  of  toe  worms.  As  Smith  suggests,  lie 
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may  mil  have  asked  Ins  animals  the  right  (|tiestn>n. 
However,  X.  durrsit  olnr  does  drop  out  at  higher 
salinities  in  the  ( iuh  of  Finland  where  the  tempera¬ 
ture  is  lower  than  it  does  in  Punish  and  British 
rivers  where  the  temperature  is  higher.  This  is  not 
to  say  that  Danish  and  British  rivers  are  tropical  or 
subtropical  hut  merely  that  they  are  at  the  upper  end 
r<>f  the  temperature  gradient  for  the  populations  that 
were  studied.  It  is  interesting  that  a  related  estuarine 
species,  .V.  limnkoht.  contains  a  population  inhabiting 
the  fresh  water  of  Lake  Merced  in  San  Francisco 
(Smith,  1959).  Although  Smith  did  not  study  the 
effects  of  low  temperature  on  chloride  regulation  in 
X.  divcrsicolor  front  the  different  parts  of  its  range, 
he  did  ask  the  question  of  X.  limn  kola  from  central 
California  estuaries.  A',  limnicola  was  unahle  to  regu¬ 
late  volume  or  maintain  its  chloride  level  at  tempera¬ 
tures  near  zero.  It  is  clear  that  the  question  was  not 
a  fair  one  since  the  stress  was  obviously  too  great. 

In  another  study.  Broeketna  (1941)  worked  with 
the  shrimp,  Crangon  crantjo n,  off  the  Dutch  coast. 
These  animals  migrate  into  high  salinity  waters  in 
winter  and  brackish  waters  in  summer.  In  the  labora¬ 
tory  it  seemed  that  the  osmoregulatory  capacity  was 
greater  at  higher  temperatures  (21°C. )  than  at  lower 
temperatures  (4*CV>  in  low  salinities.  More  recent 
work  by  Fliigel  (  1959  i.  usfftg  a  more  refined  tech¬ 
nique  on  the  same  s]>ecie.s.  did  not  clearly  show  the 
same  relationship  reporter!  by  Broekema. 

There  is  also  evidence  to  suggest  that  higher  tem¬ 
peratures  could  not  assist  at  least  some  brackish -water 
species  to  move  towards  fresh  water.  This  is  prob¬ 
ably  the  case  with  Gammarus  duebeni  which  in  nature 
has  an  optimal  salinity  between  5—1 5  £'«•  and  osmo- 
regulates  at  a  higher  level  at  lower  (7*  C. )  as  com¬ 
pared  with  higher  ( 20’  C. )  temperatures  (Kinne. 
1 952  i .  In  support,  Lochw'vsd  (1961)  report-  *hat 
in  G.  duel  •  die  tenqierature  coefficient  of  loss  and 
uptake  of  sodium  bears  an  inverse  relationship  to 
those  found  in  the  freshwater  .J.u'tlus  aqualkut.  .4. 
iiquiilkus  can  maintain  the  physiologically  necessary 
concentrations  of  Na  and  Cl  in  fresh  water  more 
readily  if  the  tenqierature  is  high  than  if  it  is  low. 

Also,  the  brackish  water  crab,  RhithropnnopeHs  har- 
risti.  which  is  usually  found  in  salinities  as  low  as 
I  r,,-5  shows  the  same  response  to  tenqierature  as 
(,'.  dnrbrni.  that  is,  stronger  hyperosmotic  regulation 
at  7"  C.  than  at  Jtt*  C.  i  Kinne  and  Rntthauwc.  1952). 

What  is  difficult  to  equate  front  the  data  on  <>. 
Jwi  fvHi  is  the  fact  that  in  nature  this  s|iecies  actu  illy 
is  found  in  less  saline  waters  in  the  more  southern 
|iartx  of  its  range  ( marine  in  the  Barents  Sea,  brack¬ 
ish  m  th-.  Baltic,  and  fresh  water  in  Ireland  and  Kng- 
land  i.  There  is  the  |R»ssihility,  as  suggested  by  Seger- 
straale.  that  the  freshwater  imputations  of  this  species 
represent  distinct  physiological  races.  If  so.  it  makes 
the  analysis  of  the  data  most  complex. 

With  the  foregoing  conflicting  results  in  mind.  I 
asked  (  yalhnra  p<>ltta  from  Massachusetts  and  Florida 
the  same  question-  Is  regulation  stronger  or  weaker 
when  the  temperature  is  low  and  the  salinity  is  also 


Fig.  2.  Relation  between  blood  concentration  and  con¬ 
centration  of  medium  at  5*  C.  in  Cyalhura  polita  from 
Massachusetts  and  Florida  (Segal  and  Burhanck,  1963). 


low  ?  Northern  animals  from  the  I’ocasset  River  in 
Massachusetts  showed  no  regulatory  impairment  over 
a  27 *  C.  range  in  temperature,  although  there  was  a 
temporary  interference  with  the  regulatory  mecha¬ 
nism  at  high  tenqieratures  (32*  C.)  and  low  salinity 
( 1.5  and  50  percent  sea  water).  When  one  compares 
the  response  at  low  temperature  (5*  C. )  with  that  at 
the  higher  temperatures  t  22*  and  32*  C.).  it  is  clear 
that  the  northern  animals  show  a  higher  level  of 
hy|>erosmotic  regu!  ‘‘  ;n  5<*  i  r  ~nt  sea  water,  the 
a,  proximate  salin<v  level  during  high  tide  in  the 
estuary.  This  resjiome  is  sinn.ar  to  that  obtained  by 
Kinne  on  Gomnuinu  and  Rhithropanopens.  In  a  way. 
what  was  more  surprising  was  the  resjKinse  of  Pocas- 
set  animals  at  5’  C.  and  125  percent  sea  water.  The 
animals  were  hyqioosmotic  in  hvpersaline  media,  thus 
flattening  the  curve  along  its  entire  length.  The 
meaning  and  significance  of  hvpoosmotic  regulation  is 
not  appa  ent.  Whet  her  the  more  effective  regulation 
at  low  tenqierature  ami  high  salinity  can  pro|ierly  lie 
considered  a  steady  state  or  merely  reflects  a  transi¬ 
tion  jieriod  is  not  known. 

To  return  to  the  (mint  at  hand.  Figure  2  shows 
that  1’ocasset  and  Silver  Glen  Springs  Cyjlhmra  do 
not  respond  in  the  same  wav  to  low  temperature 
Silver  t  den  Springs  animals  maintain  the  same  level 
of  internal  osmotic  concentration  at  5*  C.  as  at  22*  f. 
The  differences  between  the  iwo  j>o|>ulatians  are  Ha 
tistically  significant  Further,  the  Silver  Glen  Springs 
animals  were  not  able  to  regulate  property  at  either 
low  or  high  salinities  when  .-.objected  to  high  tern- 
jierature  t  32*  t 

Thus,  we  have  i.,o  poj  dilations  of  a  species  from 
radically  diverse  ecological  habitats.  One  is  from  the 
higher  latitudes,  in  an  estuary  that  has  ontogmetiraily 
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Ih.tti  adapted  to  a  daily  cyclic  salinity  regime  (1.5-50 
percent  sea  water  I  and  an  annual  temperature  change 
of  from  approximately  2*-23*  C.  The  other  popula¬ 
tion.  from  the  lower  latitudes,  is  adapted  to  the  rela¬ 
tively  constant  salinity  (3.5  jiercent  sea  water  )  and 
temperature  (20*-23'  C. )  of  a  natural  springs.  The 
northern  population  tolerates  a  widet  range  of  salinity 
and  temperature,  hut  osmoregulates  more  efficiently 
in  the  cold,  at  least  in  moderately  diluted  and  hyper- 
saline  media. 

It  is  clear  that  the  populations  of  (.’.  polita  answered 
the  question  asked  of  them.  Hut,  as  is  so  often  true, 
the  inadequacy  of  the  question  is  revealed  by  the  an¬ 
swer.  The  differential  response  of  the  two  popula¬ 
tions  must  be  a  reflection  of  the  thermal  and  salinity 
histories  of  the  populations.  It  is  clear  that  at  least 
the  Silver  Glen  Springs  Cyalhura  could  not  survive 
in  fresh  water  and  it  is  unlikely  that  penetration 
would  occur  here.  Although  they  live  at  almost  con¬ 
stant  3.5  percent  sea  water,  they  were  unable  to  osmo- 
regulate  properly  at  3  percent  sea  water,  and  died 
quickly  in  distilled  water  at  their  own  temperature 
(22°  C.).  The  Pocasset  River  Cyalhura,  on  the  basis 
of  these  short-term  ex(>critnents,  might  survive  in 
fresh  water,  or  at  least  lie  on  the  way  to  penetration 
of  fresh  water.  Those  animals  did  maintain  the  nor¬ 
mal  gradient  between  inside  and  out  in  1.5  percent 
sea  water  and  in  distilled  water  for  at  least  48  hours. 
It  is  of  interest  that  Frankenberg  and  Burbanck 
(1963)  report  a  imputation  of  C.  polita  in  South' 
River,  Marshfield,  Massachusetts,  extending  as  far 
as  eight  miles  from  the  mouth  of  the  river  and  sub¬ 
jected  t<>  a  salinity  cycle  from  a  low  of  0.1  percent 
(fresh  water)  to  a  high  of  28.9  percent  (close  to 
sea  water).  Although  the  authors  attach  no  signifi¬ 
cance  to  it.  the  South  River  population  shows  a 
higher  level  of  internal  osmotic  concentration  at 
lower  temperature  (15-17*  C.)  than  at  higher  tem¬ 
perature  (27*  C. ).  In  addition,  a  population  from 
Sapelo  Island,  Georgia,  collected  in  December  shows 
a  more  rapid  fall  in  internal  osmotic  concentration  at 
lower  temperature  (1.9*  C.)  and  very  low  salinities 
(about  1  Ter)  than  did  the  Massachusetts  population 
collected  in-April. 

Obviously,  the  entire  matter  of  latitudinal  physi¬ 
ological  variation  in  brackish-water  and  estuarine 
populations  needs  extended  attention.  The  available 
information,  in  its  niengerncss,  gives  us  little  insight 
into  the  questions  that  have  l>ecn  posed.  It  is  an  area 
of  study  which  would  benefit  greatly  from  cooperation 
of  scientists  at  high-  and  low-latitude  coastal  labora¬ 
tories.  We  particularly  need  investigations  of  animals 
from  tropical  and  arctic  estuaries. 
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Some  Future  Problems  in  the  Physiological  Ecology  of  Estuarine  Animals 

F.  JOHN  VEkNBERG 

Duke  University  Marine  Laboratory ,  Beaufort,  Xorth  Carolina 


Studies  on  the  physiology  and  ecology  of  estuarine 
animals  have  encompassed  a  number  of  different  ap¬ 
proaches  involving  various  disciplines  of  biology.  A 
first  investigation  may  be  classified  as  descriptive  and 
qualitative;  this  type  of  investigation  need  not  1*  re¬ 
stricted  to  compiling  a  checklist  of  organisms  with 
accompanying  ecological  or  natural  history  notes,  nor 
need  it  be  limited  to  a  description  of  the  physical 
and  chemical  characteristics  of  an  estuary,  but  it  may 
include  studies  on  certain  physiological  parameters 
of  estuarine  animals.  In  addition  to  descriptive  quali¬ 
tative  studies,  a  second  approach  has  been  quantitative 
in  nature  where  an  attempt  is  made  to  estimate  the 
amount  of  a  specific  ecological  factor  or  to  determine 
the  rate  of  a  specific  physiological  function  which  is 
associated  with  the  estuarine  environment.  A  third 
approach  deals  with  the  problem  of  describing  mecha¬ 
nisms  involved  in  biological  phenomena  in  estuaries 
and  formulating  conceptual  schemes.  The  need  for 
additional  studies  using  this  third  method  is  obvious, 
as  evidenced  by  the  limited  number  of  published 
studies.  The  verification  of  conceptual  schemes,  how¬ 
ever,  must  be  based  on  careful  qualitative  and  quanti¬ 
tative  investigations.  There  is  a  need,  therefore,  for 
all  three  research  methods. 

As  problems  become  more  complex  a  greater  need 
for  interdisciplinary  studies  ha^  resulted  in  investi¬ 
gations  involving  two  or  more  fields.  One  such  hy¬ 
bridization  has  taken  place  lie  tween  ecology  and 
physiology. 

The  field  of  physiological  ecology  is  not  new ;  it 
dates  back  to  the  early  work  of  V.  E.  Shelford  who 
first  taught  a  course  in  I’hvsiological  Ecology  in  the 
early  |920’s,  Before  this  date,  numerous  studies  em¬ 
phasized  tbir  biological  viewpoint,  and  Davenport 
(1897)  summarized  many  of  the  pertinent  nublished 
papers.  Since  Shelford’s  early  efforts,  this  field  has 
expanded  until  it  is  now  taught  in  over  20  schools: 
the  Ecological  Society  of  America  recently  estab¬ 
lished  a  Committee  on  Physiological  Ecology  which 
has  a  mailing  list  of  over  20(1  investigators. 

Studies  in  physiological  ecology  of  estuarine  ani¬ 
mals  involve  a  numl)cr  of  unstereotyped  approaches. 
It  is  suggested  that  future  studies  might  include  some 
of  the  following  points: 

1.  An  ecological  survey  of  species  under  study  to 
include  both  abiotic  and  biotic  factors. 

2.  Physiological  studies  to  assess  the  role  of  the 
environmental  complex  on  the  organism.  Although 
investigations  might  involve  various  levels  of  biologi¬ 


cal  organization,  such  as  metabolism  of  the  whole 
organism  or  cell,  the  prime  objective  is  to  keep  in 
sight  the  adaptive  nature  of  the  response  to  the  suc¬ 
cess  of  the  whole  organism. 

3.  A  study  of  all  stages  of  the  life  cycle  to  under¬ 
stand  the  influence  of  the  environment. 

4.  The  correlation  of  laboratory  results  with  eco¬ 
logical  observations.  The  physiological  capabilities 
of  an  animal  under  controlled  laboratory  conditions 
might  not  reflect  the  ecological  distribution  of  an 
animal. 

This  paper  will  deal  with  only  a  few  of  the  prob¬ 
lems  in  the  physiological  ecology  of  estuarine  animals. 

Few  environments  can  equal  an  estuary  in  terms  of 
the  great  number  of  physiological  and  ecological  prob¬ 
lems  that  an  organism  must  solve.  By  its  very  nature 
an  estuary  is  a  region  of  marked  change,  not  only 
in  salinity  but  in  many  other  biotic  and  abiotic  en¬ 
vironmental  tactoro,  such  as  temperature,  moisture, 
food,  competition,  pollutants,  etc.  Changes  occur 
rapidly  over  a  regular  tidai  time  sequence  as  well  as 
on  an  irregular  basis,  i.  e.,  extraordinary  rainfall. 
Long-term  fluctuations  of  environmental  factors  re¬ 
sult  from  marked  seasonal  changes.  All  these  changes 
profoundly  influence  the  organisms  living  in  an 
estuary. 

When  confronted  with  marked  changes  in  the  en¬ 
vironment,  various  responses  have  been  shown  by 
animals : 

1.  Some  can  migrate  to  a  more  favorable  environ¬ 
ment.  This  migration  might  be  in  a  vertical  direction 
into  the  bottom  or  toward  the  surface  of  the  estuary, 
or  it  might  be  a  horizontal  movement  out  to  the  ocean 
or  toward  fresh  water. 

2.  Some  become  inactive.  If  this  is  the  case,  the 
organism  might  enter  a  resistant  stage,  such  as  a 
spore,  or  withdraw  its  soft  parts,  or  the  animal  might 
become  immobilized  without  any  apparent  special 
modifications. 

3.  Some  remain  active.  To  remain  active  in  an 
estuary,  organisms  may  be  e.  pec  ted  to  possess  some 
means  of  compensating  for  the  stress  brought  on  by 
the  variable  environment  in  an  attempt  to  return  to 
some  physiological  norm. 

One  of  the  basic  problems  in  the  physiological 
ecology  of  estuarine  animals  is  to  understand  the 
mechanisms  by  which  organisms  compensate  for  al¬ 
terations  in  their  environment.  This  is  not  a  new 
problem,  nor  one  restricted  to  estuarine  animals,  but 
rather  a  persistent  one  of  general  biological  signifi- 
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cancc  as  emphasized  earlier  by  Bullock  (1955),  Pros- 
sei  (1955).  Precht  (1958).  V'ernberg  (1962),  and 
others. 

T'  e  inHuence  of  a  changing  environment  on  an 
organism  may  lie  discussed  under  two  general  types 
of  adaptations  according  to  the  terminology  of  Precht 
(1958;:  resistance  adaptation  and  capacity  adapta¬ 
tion.  Resistance  adaptation  is  concerned  with  adap¬ 
tive  changes  to  extreme  conditions,  while  capacity 
adaptation  refers  to  adaptive  responses  to  the  normal 
range  of  an  environmental  factor. 

Before  discussing  these  two  types  of  adaptations  it 
would  lie  well  to  distinguish  between  phenotypic  and 
genotypic  variation.  It  is  extremely  im^rtant  to  dif¬ 
ferentiate  between  a  response  which  is  the  result  of 
environmental  conditioning  and  is  labile,  and  a  re¬ 
sponse  which  is  genetically  fixed. 

When  a  given  function  of  an  organism  is  measured, 
the  rcsjKinse  is  most  frequently  the  result  of  a  com¬ 
plex  polygenic  system  which  reflects  the  adaptive 
state  of  the  organism  to  a  given  set  of  conditions. 
This  response  may  be  called  a  phenotypic  expression 
Under  slightly  different  experimental  conditions  the 
same  organism  may  give  a  different  response — a  sec¬ 
ond  phenotypic  expression — and  in  this  manner  a 
number  of  different  responses  n  ay  be  obtained.  There 
are  limits,  however,  beyond  which  the  resprnse  of 
the  organism  does  not  change  appreciably  with  ex¬ 
perimental  manipulation.  These  upper  and  lower 
limits  delineate  the  genotypic  boundaries  of  expres¬ 
sion  while  between  them  various  phenotypic  expres¬ 
sions  are  possible.  This  distinction  must  be  consid¬ 
ered  especially  when  making  intra  or  interspecific 
comparisons.  Dissimilarities  might  be  various  pheno¬ 
typic  expressions  of  overlapping  genotypic  limits,  and 
hence,  observed  differences  would  not  reflect  basic 
differences. 

It  is  not  simple  to  determine  experimentally  the 
degree  of  phenotypic  and  genotypic  variation.  Two 
methods  are  used :  ( 1 )  acclimating  animals  to  various 
environmental  conditions',  and  (2)  rearing  animals 
under  controlled  conditions. 

For  a  more  detailed  discussion  of  these  points  con¬ 
sult  Precht  (1958),  Trosser  (’955),  and  Waddington 
(1957). 

RESISTANCE  ADAPTATION 

The  lethal  effect  of  an  environmental  factor  is  ex¬ 
pressed  in  terms  of  the  duration  of  exposure  and  of 
intensity.  The  actual  lethal  point  of  an  organism  is 
subject  to  a  number  of  variables  and  must  be  de¬ 
scribed  in  terms  of  tbe  experimental  conditions.  The 
lethal  effect  of  temperature  has  been  studied  in  some 
-  tail  (Fry,  1957,  1958).  Working  on  freshwater 
fish.  Fry  ( 1957)  has  clearly  shown  that  one  impor¬ 
tant  experimental  variable  is  the  thermal  history  of 
an  organism.  Animals  that  were  maintained  at  higher 
temperatures  survived  elevated  temperatures  better 
than  animals  acclimated  to  lower  temperatures.  Data 
from  recent  studies  on  Pagurus  lotigicarpus  (Schnei¬ 
der  and  Vernberg,  unpublished  observation)  show  a 


Table  1.  Resistance  adaptation  of  Pagarns  longi- 
carpus.  Each  value  listed  is  based  on  a  median  taken 
from  all  animals  under  experiment  (From  Schneider 
and  Vernberg.  unpublished  observation). 


Group 

Acclimation 

Survival  after  tem¬ 
perature  change 

Tcmjiera- 
ture 
(in  *C) 

Duration 
(in  days) 

Tempera¬ 

ture 

(in  ’C.) 

Duration 

(in 

minutes) 

1 

10 

82 

32 

41 

2 

15 

72 

33 

92 

3 

20 

73 

34 

641 

4 

IS 

— 

34 

16 

similar  'elationship  in  an  estuarine  hermit  crab 
(Table 

The  ability  to  shift  survival  limits  with  dunging 
environment??  temperatures  would  have  great  adap¬ 
tive  value  to  ar  organism,  but  information  on  the 
rate  of  change  a  survival  limits  with  fluctuating  en¬ 
vironmental  temperatures  is  needed.  The  speed  with 
which  an  organism  car  compensate  for  rapid  tem¬ 
perature  changes  would  have  as  much  biological  sig¬ 
nificance  as  the  long-term  (seasonal)  shift  in  survival 
limits.  This  is  not  an  easy  problem  to  study  as  the 
rate  of  change  in  limits  would  depend  on  which  por¬ 
tion  of  the  thermal  gradient  is  being  studied  and  the 
amount  of  temperature  change  to  which  the  organism 
is  being  subjected.  Preliminary  work  by  Schneider 
and  Vernberg  (unpublished  observation)  on  Pagurus 
longicarpus  has  demonstrated  that  shifts  in  thermal 
limits  take  place  within  three  hours.  A  greater  dif¬ 
ference  in  response  occurs  in  animals  originally  ac¬ 
climated  to  15'  C.  than  forms  acclimated  to  5’  C. 
when  the  environmental  temperature  was  raised  5*  C., 
10'  C.,  or  15°  C.  above  the  original  acclimation  tem- 
I>erature.  High  lethal  temperature  limits  did  not  ap- 
l>ear  to  be  changed  appreciably  in  animals  acclimated 
lo  temperatures  lower  than  15'  C.  Comparativ'  Jud¬ 
ies  of  these  problems  involving  animals  from  different 
estuarine  habitats  undoubtedly  would  help  explain 
animal  distribution  in  an  estuary. 

Other  variables  influencing  thermal  limits  which 
have  received  attention  are  discussed  below. 

Starvation 

Specimens  of  the  intertidal  zone  isopod,  Ligia 
exotica,  which  had  been  fed,  survived  high  tempera¬ 
tures  longer  than  animals  starved  for  two  days.  Both 
of  these  groups  survived  longer  than  animals  starved 
for  seven  days  (Vernberg,  Segal,  and  Schneider,  in 
preparation). 

Size  a  no  Sex 

Larger  Ligia  exotica  survived  low  temperatures 
longer  than  medium-sized  or  small  individuals.  This 
trend  is  reversed  when  considering  the  response  of 
newly  hatched  young  who  are  very  resistant  to  ex¬ 
treme  high  temperatures.  Interestingly,  the  gravid 
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female  is  more  thermal -resistant  than  either  non- 
gravid  females  or  males  { Vernberg,  Segal,  and 
Schneider,  unpublished  observations). 

Parasitism 

Estuarine  intertidal  zone  snails,  Sassarius  obsolcta, 
parasitized  with  larval  trematodes  were  less  resistant 
to  high  temperatures  than  non-parasitized  individuals 
(Vembergand  Vcmberg.  1963). 

Latitudinally  Separated  Populations 

Population  samples  of  Ligia  exotica  from  Galves¬ 
ton,  Texas,  treated  in  the  same  manner  as  animals  of 
the  same  species  from  Beaufort,  North  Carolina,  sur¬ 
vived  high  temperatures  better  ( Y'ernberg,  Segal,  and 
Schneider,  in  preparation ) . 

There  is  a  great  need  for  detailed  studies  of  the 
influence  of  environmental  factors  on  the  physiologi¬ 
cal  ecology  of  estuarine  forms.  As  indicated  for  tem¬ 
perature,  many  variables  must  be  considered  to  assess 
the  role  of  any  factor  in  limiting  an  animal's  distribu¬ 
tion.  The  methodology  for  comprehensive  studies  is 
now  available,  and  •*  is  hoped  that  the  studies  will 
be  undertaken  soon. 

Another  problem  in  the  field  of  physiological  ecol¬ 
ogy  which  warrants  additional  study  deals  with  the 
investigation  of  the  relationship  of  .he  response  of 
the  who'?  organism  and  the  response  of  its  component 
tissues.  The  analysis  of  surviving  tissue  pieces  can 
be  of  great  value  as  the  levels  of  resistance  to  su-ii 
environmental  factors  as  tenqierature  and  salinity  of 
an  animal  may  lx*  largely  based  on  the  local  qualities 
in  the  cells.  This  approach  is  illustrated  by  studies 
on  the  response  of  isolated  pieces  of  gill  tissue  of 
molluscs  from  oceanic  and  estuarine  waters.  The  cilia 
of  gill  tissue  from  intertidal  zone  species,  Craswstrca 
virginica  and  Modiolus  acmissus,  continued  active  at 
higher  temperatures  and  lower  salinity  than  the  c-ib- 
littoral  species,  Acquipedcn  irradians.  These  results 
correlated  well  with  the  response  of  the  whole  organ 
ism.  Interestingly,  the  response  of  the  intertidal  zone 
forms,  but  not  that  of  the  scallop,  could  be  shiiteii 
markedly  by  acclimation  (Vernberg  ct  al.,  1963). 
Schlieper  ct  al.  (1960)  found  that  gill  tissue  of  deep 
(100  m)  water  species  were  less  tolerant  of  tempera¬ 
ture  and  salinity  chang?  than  ..pevies  fiund  >n  th 
intertidal  zone  or  to  a  depth  of  one  meter. 

CAPACITY  ADAPTATION 

Many  excellent  examples  of  capacity  adaptations 
are  presented  in  Dr.  Kinne’s  paper  (elsewhere  in  this 
volume),  and  only  a  few  additional  points  need  be 
made. 

Both  Prejlit  (195b)  and  Prosser  11958)  have  pro¬ 
posed  a  classification  of  patterns  of  acclimation.  'I  here 
is  a  need  to  apply  these  methods  to  studies  involving 
estuarine  organisms  in  order  to  determine  whether 
the  types  vary  in  a  systematic  way  with  the  dis¬ 
tribution  of  animals.  Distribution  in  this  case  is  not 
restricted  to  organisms  found  in  various  parts  of  one 
distinct  estuary,  but  includes  a  comparison  of  animals 


from  different  latitudes.  In  one  genus,  Uca  (fiddler 
crabs),  different  patterns  of  acclimation  have  been 
reported  for  r.dult  and  larval  stages  of  tropical  and 
temperate  zone  species.  Not  only  does  the  pattern 
vary  throughout  the  life  cycle  of  a  species,  but  dif¬ 
ferent  patterns  are  observed  in  the  five  tissues  studied 
(  Vernberg  and  Vernberg,  1964). 

Some  studies  on  the  whole  organism  have  demon¬ 
strated  marked  capabilities  of  organisms  to  compen¬ 
sate  for  environmental  stress.  Investigations  are 
needed  to  elucidate  the  intra-organismic  mechanisms 
responsible  for  adaptation. 

Finally,  the  -ate  of  acclimation  to  various  environ¬ 
mental  factors  needs  to  be  accurately  described  for 
estuarine  species.  Do  intertidal  species  acclimate  at 
the  same  rate  or  to  the  same  degree  as  do  deepwater 
torms  ?  What  role  does  rate  of  acclimation  have  in 
interspecific  competition  5  These  are  only  a  few  ques¬ 
tions  which  need  to  be  explored. 

MULTIPLE  FACTORS 

Another  problem  related  to  the  physiological  ecol¬ 
ogy  of  estuarine  animals  which  needs  further  study 
is  the  interaction  of  multiple  environmental  factors. 
A  considerable  amount  of  li<  ature  is  accumulating 
concerning  the  infhie’-ce  of  a  single  factor  on  an  or¬ 
ganism:  it  is  obvious  that  in  nature  a  complex  of 
factors  is  operative  on  an  organism.  A  second  vari¬ 
able  may  markedly  influence  the  response  observed 
when  :.  single  factor  is  studied  (McLeese,  1956). 
The  second  factor  mav  increase  or  decrease  the  sur- 
vi\ al  of  an  organism,  or  it  may  have  no  apparent 
effect.  Two  factors  may  interact  to  produce  an  effect 
which  is  not  equal  to  the  sum  of  either  factor  acting 
independently.  The  complexities  of  experimental  de¬ 
sign  and  cf  ;nf“rpretation  of  data  are  greatly  in¬ 
creased  when  three  or  more  factors  are  to  be  studied ; 
•he  t'chnic.v  advances  in  instrumentation  and  com¬ 
puter  analyses  are  beginning  to  make  this  approach 
feasible,  but  expensive.  It  should  be  emphasized  that 
these  studies  need  to  ob.  erve  the  inriuencc  of  both  ex¬ 
posure  to  a  given  constant  complex  of  factors  and, 
perhaps  of  more  importance,  exposure  to  regulated 
.,  hut  fluctuating  factors.  There  is  some  evidence  that 
the  response  of  animals  under  fluctuating  conditions 
is  much  diffeient  from  response  under  exposure  to 
constant  conditions  (Heath,  1963).  Fluctuation  of  en¬ 
vironmental  factors  is  a  characteristic  of  the  estuarine 
habitat  and  the  speed  with  which  an  organism  can 
adjust  to  its  total  environment  is  imports  ,t  to  its 
survival 

In  addition  to  these  problems,  numerous  other  lines 
of  investigation  need  a  ..five  study.  A  few  are  listed 
and  briefly  described  oelow : 

CORREIA!  ION  Or  THE  RESPONSES  OF 
Oceanic  and  Estuarine  Populations 

This  problem  deals  with  i.vo  groups  of  animals- 
those  that  spend  a  portion  of  their  life  cycle  in  either 
an  estuary  or  the  open  ocean,  and  those  found  almost 
exclusively  in  either  an  estuary  or  the  open  ocean. 
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In  respect  to  the  ti rst  group,  it  is  not  only  important 
to  understand  why  animals  move  from  one  region  to 
another,  but  what  mechanisms  enable  these  organisms 
to  make  the  adjustments  required  for  this  migration. 

Even  less  data  are  available  on  the  ecological-physi¬ 
ological  factors  restricting  organisms  to  either  an 
oceanic  mode  of  life  or  to  an  estuarine  existence.  Re¬ 
cently  expanded  cooperative  programs  in  biological 
oceanography  should  provide  the  necessary  shipyard 
and  land-based  laboratory  facilities  needed  for  these 
studies. 

Nutrition 

The  feeding  mechanisms,  nutritional  requirements, 
and  rate  of  turnover  of  food  materials  are  some  of  the 
problems  needing  further  investigation. 

Reproductive  Biology 

Ciiese  (1959)  has  emphasized  the  lack  of  extensive 
studies  on  the  reproductive  biology  of  estuarine  ani¬ 
mals.  Additional  information  would  be  valuable  to 
ecosystem  ecologists  as  well  as  physiological  ecologists. 

Cyclic  Phenomena 

As  a  result  of  the  fluctuating  environment  in  an 
estuary,  it  is  expected  that  pronounced  cyclic  phe¬ 
nomena  would  be  observed  in  animals  residing  there. 
Relatively  few  animals,  however,  have  been  studied 
in  detail.  Seasonal  investigations  have  been  particu¬ 
larly  neglected,  possibly  as  a  result  of  the  traditionally 
seasonal  activity  at  most  marine  laboratories. 

Correlation  of  Laboratory  and  Field  Studies 

In  order  not  to  lose  sight  of  the  importance  of  the 
total  response  of  the  organism  to  an  environment,  it 
is  necessary  to  correlate  the  results  of  laboratory  and 
held  investigations.  As  a  result,  a  feedback  mecha¬ 
nism  could  develop  which  would  bring  into  clearer 
focus  the  important  factor;  influencing  estuarine  ani¬ 
mals. 


LITERATURE  CITED 

BULLOCK,  T.  H.,  1955.  Compensation  for  temperature 
in  the  metabolism  and  activity  of  poikilotherms.  Biol. 
Rev.,  59:311-342. 

DAVENPORT,  C.  B.,  1897.  Experimental  Morphology. 
The  Macmillan  Co.,  New  York  and  London. 

FRY,  F.  E.  J.,  1957.  The  lethal  temperature  as  a  tool  in 
taxonomy  .  Annec  Biol.,  33: 205-219. 

FRY,  F.  E.  J.,  1958.  Temperature  compensation.  Ann. 
Rev.  Physiol.,  20:207-224. 

GIESE,  A.,  1959.  Comparative  Physiology  Annual  re¬ 
productive  cycles  of  marine  invertebrates.  Ann.  Rev. 
Physiol.,  21: 547-57o. 

HEATH,  W.  G.,  1963.  Thermooeriodism  sea-run  cut¬ 
throat  trout  ( Salmo  clarki  clarki).  Science,  142: 486- 
488. 

McLEESE,  D.  W.,  1956.  Effects  of  temperature,  salinity 
and  oxygen  on  the  survival  of  the  American  lobster. 
1.  Fisheries  Res.  Board  Can.,  13:247-272. 

PRECHT,  H.,  1958.  Concepts  of  the  temperature  adap¬ 
tation  of  unchanging  reaction  systems  of  cold  blooded 
animals.  In  Physiological  Adaptation,  edited  by  C.  L. 
Prosser ;  pp.  50-78.  Am.  Physiol.  Soc.,  Washington, 
D.  C. 

PROSSER,  C.  L.,  1955.  Physiological  variation  in  ani¬ 
mals.  Biol.  Rev.,  30: 229-262. 

PROSSER,  C.  L.,  ( Editor),  1958.  Physiological  Adap¬ 
tation.  Am.  Physiol.  Soc.,  Washington,  D.  C. 

SCHLIEPER,  C„  H.  FLUGEL,  and  J.  RUDOLF,  1960. 
Temperature  and  salinity  relationships  in  marine  bot¬ 
tom  invertebrates  Expcrienita,  16: T-8. 

VERNBERG,  F.  J.,  1962.  Comparative  physiology:  lati¬ 
tudinal  effects  on  physiological  properties  of  animal 
populations.  Ann.  Rev.  Physiol.,  24: 517-546. 

VERNBERG.  W.  B.,  and  F.  J.  VERNBERG,  1963. 
Influence  of  parasitism  on  thermal  resistance  of  the 
mud-flat  snail,  Nassarius  obsnleta  Say.  Exptl.  Parasite!., 
14:330-332. 

VERNBERG,  F.  J.,  and  W.  B.  VERNBERG,  1964. 
Metabolic  adaptation  of  animals  from  different  latitudes. 
Helgolaendcr  IViss.  Meeresunters.,  1:476-407. 

VERNBERG,  F.  J.,  C.  SCHLIEPER,  and  D.  E. 
SCHNEIDER,  1963.  The  influence  of  temperature  and 
salinity  on  ciliary  activity  of  excised  gill  tissue  of  mol¬ 
luscs  from  North  Carolina.  Comp.  Biochem.  Physiol., 
8: 271-285. 

WADDINGTON,  C.  H.,  1957.  The  strategy  of  the 
genes:  a  discussion  of  some  aspects  of  theoretical  bi¬ 
ology.  Allen  and  Unwin,  London. 


Some  Problems  Facing  the  Ecologist  Concerning  Races  and  Subspecies  of 

Brackish-Water  Animals 

BENT  J.  MUUS 

Danish  Institute  for  Fisheries  and  Marine  Research,  Charlottenlund,  Deni  . ark 


Many  biologists  deal  with  what  Hedgpeth  (1957) 
calls  “the  anatomy  of  ecology".  They  perform  faunis- 
tic  surveys,  study  the  composition  of  animal  com¬ 
munities,  and  make  standing  crop  investigations  on 
a  broad  scale.  Sooner  or  later  they  usually  have  to 
rely  upon  specialists  when  identifying  the  often  vast 
collections  of  animals  sorted  out  of  the  samples.  Also, 
physiologists  often  depend  on  other  people’s  identifi¬ 
cations  of  animals  used  for  experiments.  It  is  rea¬ 
sonable  to  apply  for  help  to  the  taxonomists — one  can¬ 
not  cover  all  fields — and,  in  Europe,  at  least,  the 
estuarine  fauna  has  been  the  ohject  of  so  many  com¬ 
prehensive  investigations  during  the  last  80  years  or 
so  that  one  feels  justified  in  assuming  that  at  least 
the  predominant  benthic  animals  are  well  defined  as 
species. 

I  have  been  working  mainly  with  the  ecology  of  the 
Danish  brackish-water  fauna  of  quite  shallow  water. 
It  has  been  niy  experience  that,  even  in  northern 
Europe,  which  is  supposedly  the  most  thoroughly  in¬ 
vestigated  region  of  the  world,  one  has  to  be  ex¬ 
tremely  careful  when  identifying  collections,  because 
the  assumption  that  abundant  animals  are  well  defined 
as  species  is  not  always  true. 

In  order  to  convince  skeptics  that  this  is  not  mere 
talk,  I  can  mention  some  examples,  partly  front  my 
own  experience  and  partly  from  recent  literature,  re¬ 
stricting  myself  to  abundant  and  well-known  animals. 

RECENT  REVISIONS  IN  THE  MOLLUSC  A 

The  common  Kuro|>ean  cockle,  Cardium  edule,  is 
a  wide-spread,  shallow-water  species  along  all  Euro- 
|iean  coasts,  ranging  from  the  Black  Sea  and  the 
Mediterranean  to  northern  Europe.  In  Danish  waters 
about  J00  specimens  jicr  square  meter  are  often  found. 
A  few  years  ago  I  |ierfornied  some  growth  experi¬ 
ments,  marking  cockles  in  various  parts  of  Danish 
estuaries  and  placing  them  in  open  wire  baskets  dug 
down  in  shallow  water.  To  prevent  the  cockles  from 
escaping,  the  edges  of  the  baskets  were  10  cm  above 
the  sea  floor.  I  intended  to  demonstrate  the  different 
growth  conditions,  but  did  not  succeed  for  a  jieculiar 
reason.  A  month  later  all  the  cockles  bad  escaped 
from  the  inner  baskets  placed  at  low  salinities.  Only 
ve  v  few  esea|ied  from  baskets  placed  near  the  en¬ 
trance  of  the  estuary  where  the  salinity  was  approxi¬ 
mately  24  In  control  ex|»erimcnts.  cockles  which 
had  lieen  dug  up  in  the  inner  parts  of  the  estuary  and 


placed  in  baskets  near  the  entrance,  had  all  disap¬ 
peared.  As  I  saw  no  reason  why  only  cockles  from 
low  salinities  should  1  ye  able  to  crawl  out  of  wire 
baskets,  we  made  some  additional  experiments  in  the 
laboratory.  We  now  found  that  cockles  from  nieso- 
haline  habitats  escaped  using  byssus  threads  while 
cockles  from  polyhaline  habitats  have  no  byssus  gland. 
My  assistant,  Hbpncr  Petersen,  tackled  the  problem 
and  finally  demonstrated  that  Cardiutn  edule  is  not 
one  but  two  closely  related  species  (Petersen,  19581 
(  Fig.  1 ). 

Many  papers  have  been  written  aliout  the  growth, 
oxygen  consumption,  filtering  abilities,  feeding,  etc. 
of  the  cockle.  Much  of  the  literature  on  edule  has 
now  lost  a  great  deal  of  its  value  as  it  is  often  im¬ 
possible  to  tell  exactly  which  of  the  two  species  is 
treated.  All  that  can  be  said  with  certainty  is  that 
cockles  from  polyhaline  marine  habitats  are  identical 
with  edule,  and  that  the  Baltic  seems  to  hold  only 
one  species,  C.  lamareki.  But  all  transitional  areas, 
as  found  in  the  Danish  Belt  Sea  and  the  great  delta 
districts  of  Holland  or  the  estuaries  of  England,  are 
likely  to  hold  both  species. 

The  iiydrobics  are  another  group  of  animals  ex 
tremelv  abundant  in  estuaries  an  I  lagoons.  Looking 
through  a  collection  of  hydrobies,  one  is  struck  im¬ 
mediately  bv  the  amazing  variation  of  shell  form.  A 
review  of  literature  reveals  that  only  Hydrobia  ulvae 
and  II.  ventrosa  are  recognized  in  the  brackish  waters 
<>f  northern  Eurojie  (Krull,  19.15 :  Ankel,  1%2).  In 
spite  of  the  copious  literature  on  these  two  species.  I 
recently  experienced  great  difficulty  identifying  a  cer¬ 
tain  part  of  my  Hydrobia  collections.  Finally,  1  made 
an  outline  drawing  of  each  shell,  crushed  it,  invest! 
gated  the  raduia  and  genitalia,  and  found  that  all  my 
material  fell  into  three  distinct  groups,  two  compris 
ing  the  “old"  sj<ecies  II.  ulvae  and  H.  ventrosa,  and  a 
third  species  apparently  undescrilied  (  Fig.  2).  I  have 
named  it  II.  uei/leela  ( Muus,  1%.?  i — and  neglected  it 
must  have  lieen  by  several  dozens  of  students,  as  the 
species  is  hardly  endemic  to  Denmark,  where  I  have 
found  it  at  numerous  places  in  numbers  up  to  3.(KXI 
|>er  square  meter.  It  has  lor  years,  no  doubt,  lieen 
confused  w  ith  troth  //.  ulvae  and  //.  ventrosa,  and  it 
has  contributed  considerably  to  the  enormous  shell 
variation  |M>stulatcd  for  these  snails.  All  three  s|k- 
cies  have  different,  though  overlapping,  areas  of  dix 
triliution  and  behavior. 
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Fig.  2.  Head,  penis,  shell,  ami  central  tooth  of  radula 
in : 

A — llydrobia  ulvae  (Pennant). 

B — //.  renlrosa  (Montagu). 

C — //.  ncglccta  Muus. 

Warwick,  in  Edinburgh  (1952),  discovered  that  the 
famous  hydrobiid  snail  Potamopyrgus  jenkinsi  also 
occurs  in  three  different  strains  which  probably  are 
true  species.  The  amazing  variability  of  this  “species” 
in  fresh  and  brackish  waters  thus  seems  to  be  the  sum 
of  shell  variation  in  three  different,  though  very 
closely  related,  parthenogenic  species. 

I  have  mentioned  only  three  of  many  different  ex¬ 
amples  among  the  molluscs  where  an  apparently  great 
shell  variation  turns  out  to  be  imperfect  perception  of 
the  species.  All  the  animals  I  have  mentioned  have 
played  a  title  role  in  many  doctoral  theses  and  nu¬ 
merous  other  papers  dealing  with  ecological  or  physi¬ 
ological  problems,  wM»  the  authors  were  unaware 
that  the  animals  had  :■•••'  been  projtcrlv  identified. 
This  can  be  an  annoying  fact  in  studies  of  estuarine 
zoogeography.  Zenkevitch  (1947)  mentions  a  Car- 
di'nn  edulc-Jlydrobia  vcnlrosa  community  in  the  Sea 
of  Azov,  but  the  identity  of  both  species  is  now  open 
to  doubt.  Ecologists,  in  particular,  should  appreciate 
that  this  is  not  a  mere  dispute  regarding  names,  but  a 
question  of  recognizing  species  occupying  different 
positions  in  an  ecosystem,  or  their  respective  position 
in  different  ecosystems. 

DOES  XF.RFJS  Dll’F.RSlCULOR  FORM 
LOCAL  RACES? 

On  the  subspecies  level  also,  much  taxonomic  and 
zoogeograph ical  work  should  be  done  as  a  prerequisite 
to  ex|ieriniental  work. 

A  prominent  member  of  the  polychaete  group  may 
lie  taken  as  an  example  because  it  has  been  the  object 
of  many  physiological  investigations.  The  dominating 
polychaete  in  Danish  brackish-water  habitats  is  A’e- 
reis  divcrsicolor,  often  occurring  up  t«  about  50  g  'mV 
Though  this  s|iecies  is  eurvhaline.  it  is,  peculiarly,  re¬ 


stricted  exclusively  to  mesohaline  localities  in  the 
inner  parts  of  bays  and  estuaries  at  salinities  of 
4-21  %c.  In  the  polyhaline  zone  it  is  replaced  by  its 
close  relatives.  A',  virens  and  A',  succinca. 

The  family  Nereidae  forms  a  very  uniform  group. 
Among  the  important  characteristics  used  for  identi¬ 
fication  of  the  species  is  the  denticulation  of  the  pro¬ 
boscis.  On  the  outstretched,  turned  proboscis  are 
seen  some  zones  armed  with  chitinous  denticles  and 
paragnaths,  the  number  and  pattern  of  which  have 
taxonomic  value  (Fig.  3).  During  the  identification 
of  my  large  quantitative  collections  from  various 
Danish  estuaries,  1  noticed  that  the  paragnath  num¬ 
ber  of  the  different  zones  varies  a  good  deal,  but  that 
this  variation  remains  within  different  ranges  at  dif¬ 
ferent  localities. 

A  look  at  histograms  (Fig.  4)  showing  numerical 
variation  of  paragnaths  of  animals  from  different  lo¬ 
calities  shows  the  peaks  being  displaced  in  relation 
to  each  other ;  the  bases,  however,  overlap.  One  gets 
the  clear  understanding  that  the  paragnath  pattern  in 
A',  diversicolor  is  not  stable,  and  that  this  polychaete 
forms  local  tribes  or  races.  On  account  of  the  far 
more  stable  paragnath  pattern  known  from  other 
nereids,  the  variation  found  in  Nereis  divcrsicolor  is 
such  that  a  traditional  taxonomist  would  probably 
not  hestitate  to  rank  the  two  extremes  as  two  species 

The  osmoregulation  of  N.  diversicolor  has  been  the 
object  of  several  interesting  investigations,  including 
Smith’s  research  (1956)  on  the  chloride  regulation  of 
animals  from  English,  Danish,  and  Finnish  localities. 
He  did  not  succeed,  however,  in  demonstrating  physi¬ 
ological  races.  The  differences  he  found  were  small, 
and  Smith  explained  that  the  better  ability  to  regulate 
chloride  found  in  specimens  from  marine-dominated 
(English)  localities  might  be  due  to  their  high  mor¬ 
tality  during  adaptation  to  low  salinities;  probably  the 
best  regulating  specimens  survived  the  experimental 
conditions. 

The  high  mortality  among  specimens  from  marine- 
dominated  habitats  is  unclear,  because  N.  divcrsicolor 
from  Danish  mesohaline  localities  is  considered  to  be 
an  extremely  hardy  animal,  not  only  against  sudden 
alterations  of  salinity,  but  also  against  heavy  pollu¬ 
tion  and  great  fluctuations  of  tenqierature  and  oxygen 


Fig.  3.  Proboscis  of  Xcrris.  Tltc  left  figures  show  the 
zonatiun  used  by  taxonomists.  The  right  figure  demon¬ 
strates  the  position  of  paragnaths  mi  the  up|ier  si<k-  of 
the  proboscis  of  X.  dhertieolor, 
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tension.  Smith  pointed  out  that  though  a  comparative 
study  of  chloride  regulation  after  slow  adaptation 
does  not  point  towards  the  existence  of  physiological 
races,  other  types  of  responses  to  environmental  fac¬ 
tors  still  remain  to  be  considered.  These  may  reveal 
that  the  isolated  populations  actually  develop  geneti¬ 
cally  founded  physiological  adaptations. 

My  own  investigations  have  shown  clearly  that 
Nereis  is  found  in  isolated  races  or  entities.  The 
theoretical  possibility  exists  that  the  variation  of  the 
number  of  paragnaths  is  due  to  environmental  in¬ 
fluence,  but  it  is  not  likely,  because  a  clear  correlation 
has  not  been  found  between  the  number  of  paragnaths 
and  salinity,  though  there  is  a  cline  towards  a  de¬ 
creasing  number  of  paragnaths  going  from  the  North 
Sea  to  Finnish  waters.  Rearing  and  interbreeding 
experiments  might  clarify  the  problem. 

The  pattern  of  paragnaths  is  used  in  taxonomy, 
however,  because  their  position  and  number  have  been 
found  to  be  genetically  rather  stable.  In  the  case  of 
Nereis  diversicolor,  the  local  paragnath  patterns  must 
be  taken  as  the  proof  of  the  existence  of  local  isolated 
populations  slowly  stabilizing  their  pattern  of  para¬ 
gnaths. 

The  mature  N.  diversicolor  does  not  swarm  and 
has  no  epitokous  phase,  the  larvae  are  non-pelagic. 
and  the  s|>ecies  does  not  easily  spread  over  long  dis¬ 
tances.  As  already  mentioned,  the  species  is  euryiia- 
line.  It  is  also  eurytopic.  found  in  .'1  kinds  of  bot¬ 
toms  except  in  black,  stinking  mud.  It  is  omnivorous. 
When  food  is  scarce,  it  swallows  sand  like  the  Jreni- 
colo  species.  It  devours  all  sorts  of  meiobenthn  >.m- 
mals,  young  Corophium,  oilier  amphipods.  and  worms, 
and  is  a  passionate  carrion-feeder.  Thus,  there  is  no 
obvious  reason  found  in  its  life  habits  why  it  should 
not  thrive  well  in  polyhaline  and  euhaline  habitats. 

The  limited  occurrence  of  .V.  dhersicolor  is,  no 
doubt,  due  to  -omj>etition  with  the  much  greater  and 
stronger  V.  virens  which  takes  up  exactly  the  same 
ecological  nicic  in  the  polyhaline  and  euhaline  habi¬ 
tats.  1  lave  planned,  but  have  not  vet  performed, 
aipiar:  ,n  experiments  which  may  throw  iigh*  mmn 
the  nature  of  this  competition. 

Thus.  ,V.  ditersieolor  lives  in  isolated  populations, 
inwardly  barred  off  by  fresh  water  and  coasts,  out¬ 
wardly  by  its  competition  with  a  more  |>otcnt  relative. 

No  doubt,  this  type  of  selective  forces  plays  a  role 
in  many  other  euryvalcnt  species.  Fcological  omni¬ 
valence  as  a  jussive  means  of  defense  in  comjictition 
with  close,  but  more  stenovalent.  relatives  is  known 
from  Gammons  d  me  be  hi.  This  specie*  is  euryhaline. 
eurythermal.  omnivorous,  and  endures  low  oxygen 
tensions  to  *uch  a  degree  that  it  is  able  to  occupy 
habitats  where  it  is  left  alone  by  such  strong  competi¬ 
tors  as  G.  saddaehi  and  G.  sal  turns  Kinnc  ( 1955. 
19541  has  shown  that  an  •  -■•-nt  j»art  of  the  rnm- 
|irtitt<>n  in  this  case  is  c  --trrile  mating,  the 

female  G.  dmebemt  \r  \  o'  confiscated  by  the 
stronger  G  :adti uhi  and  .«  swtxus  males 

Although  the  very  act  nr.  abundant,  ami  hardy 


gammarids  have  better  chances  of  dispersal  over  long 
distances  than  have  many  other  amphipods,  they  seem 
to  form  local  varieties  characterized  by  quantitative 
differences  in  setation.  Gammarus  duebeni  has  de¬ 
veloped  a  freshwater  race  in  Ireland  (Hynes,  1954). 

The  genus  Corophium  resembles  the  genus  6  am- 
inarus  in  that  both  genera  comprise  species  in  brack¬ 
ish  as  well  as  fresh  waters.  The  rather  uniform  ap¬ 
pearance  of  the  Corophium  species  and  their  ability 
to  adjust  themselves  to  a  multitude  of  different  habi¬ 
tats  in  brackish  or  fresh  waters  suggest  that  this 
group  is  in  a  state  of  development,  and  that  it  might 
he  worthwhile  to  look  out  for  races  when  dealing 
with  one  of  the  species.  Already  C’hevais  (1957)  has 
shown  through  biometric  studies  that  Corophium 
volutator  forms  local,  isolated  races  along  the  French 
coast. 

CONCLUSIONS 

Though  much  fundamental  experimental  work  may 
be  carried  out  successfully  without  bothering  too 
much  about  the  exact  identity  of  the  sjiecies  involved, 
it  is  advisable  to  make  a  reliable  identification,  ami 
in  th  cases  of  comparative  jiliysiology  or  ecology, 
it  is  .injierative.  Since  very  few  professional  mor- 
phologists  are  engaged  with  the  commonplace  animals 
of  brackish  waters,  taxonomic  revisions  are  left  to  the 
ecologists.  Through  their  field  work  they  are  in  a 
better  jiosition  than  most  taxonomists  to  reach  a 
balanced  |>erception  of  sjiecies  ant',  races.  Small  mor¬ 
phological  deviations  of  preserved  specimens  may 
easily  be  thought  of  as  being  the  effect  of  individual 
variation,  but  when  seen  in  relation  to  ecological 
peculiarities,  they  may  lie  clearly  recognized  as  grou|> 
variations,  demanding  a  closer  study. 

The  examjdes  mentioned  seem  to  indicate  that  many 
cases  of  sibling  sjiecies  may  be  found  disguised  under 
familiar  names,  and  that  we  need  information  con¬ 
cerning  the  subs|iecific  variation  in  euryhaline  animals 

The  study  of  sjieciation  in  recent  ilec.oles  has 
firofited  much  from  entomology  ami  ornithology,  l«it 
apart  from  the  racial  investigations  of  commercially 
imjxirtant  fish  we  do  not  have  a  similar  fund  of 
knowledge  about  sjieciation  in  marine  animals. 

An  understanding  of  the  selective  forces  which  arc 
suj>jx?sed  to  act  in  sjieciatmn  is  obtained  by  combining 
a  knowledge  of  morphology.  variation,  and  distribu¬ 
tion  of  the  species  with  a  knowledge  of  biological  ami 
jihysical  environmental  factors.  The  morjdiology  ami 
variation  of  brackish-water  animals  arc  not  too  well 
known,  ami.  consequently,  the  distribution  is  also  in- 
contpletdy  known.  Among  the  biological  environ¬ 
mental  factors.  comjirtition  jdays  an  important  j*art 
and  romjKlition  is  probably  why  euryhaline  species 
are  restricted  to  habitats  where  stcnosalent  species 
have  poor  chance*,  (hir  concept  of  comjwrtition.  how 
ever,  i*  usuallv  hosed  <*i  imagination  rather  than  ac 
tual  observations. 

Many  jiajieTS  consider  hut  a  single  physical  ms  iron 
mental  factor,  for  instance,  the  composition  of  the  sob. 
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stratum.  At  the  same  time  several  physical  factors 
exist  which  do  not  enter  our  description  of  the  ani¬ 
mals’  surroundings  in  a  satisfactory  way,  for  instance, 
the  concept  of  exjiosure.  ( ienerally,  the  ecologists 
seem  satisfied  by  referring  to  a  habitat  as  "ex|>osed” 
or  "sheltered",  lotic  or  letitic.  No  doubt  animals  make 
more  elaborate  distinctions  lietween  environments,  and 
water  movements  greatly  influence  the  local  distribu¬ 
tion,  hut  we  do  not  know  how.  We  need,  however,  a 
means  of  measuring  exposure,  turbulent  water  move¬ 
ments,  and  also  a  unit  of  measurement. 

We  arc  still  a  long  way  from  a  reasonable  analysis 
of  the  occurrence  and  variation  of  etiryhaline  animals, 
though  not  so  long  as  when  Darwin  wrote  (1859): 
“111  determining  whether  a  form  should  lie  ranked  as 
a  s|iecies  or  a  variety,  the  opinion  of  the  •■aturalists 
having  sound  judgment  and  wide  experience  seems 
the  only  guide  to  follow.” 
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Twelve  or  more  species  of  Cyathura  are  described 
herein.  They  range  from  3  to  27  mm  in  length  and 
burrow  into  the  substratum  which  may  be  exposed  at 
low  tide,  or  they  may  be  under  water  from  a  few 
centimeters  to  as  much  as  60  meters.  The  salinity 
of  the  water  in  which  they  live  varies.  Three  species 
live  in  fresh  water;  several  species  ar  •  found  off¬ 
shore  on  the  ocean  bottom ;  but  the  most  widespread 
species  are  estuarine,  living  chiefly  in  oligohaline  and 
mixohaline  zones  and  are  capable  of  existing  under 
both  limnetic  and  marine  conditions.  Salinity,  there¬ 
fore,  does  not  seem  to  be  a  limiting  factor  for  the 
geographic  distribution  of  the  genus  nor  of  the 
estuarine  species.  Rather,  because  of  their  mode  of 
life,  a  stable  substratum  is  the  critical  factor  for  the 
establishment  of  a  population  of  Cyathura.  As  far  as 
is  known,  their  whole  life  cycle  is  completed  in  the 
substratum  since  there  is  no  free-swimming  larval 
stage.  The  tiny  juveniles  are  shed  directly  into  the 
substratum  and  are  truly  interstitial  animals.  Adults 
are  able  to  swim,  but  are  rarely  observed  doing  so. 
Populations  tend  to  maintain  a  constant  density, 
gradually  spreading  into  adjacent  areas. 

The  genus  Cyathura  has  a  worldwide  distribution 
in  spite  of  limited  methods  of  dispersal.  The  species 
with  the  widest  distributions  arc  estuarine  forms : 
C.  ear  ina  I  a  from  F.uro(>e,  Africa,  China,  and  Asiatic 
Russia;  t\  es/uaria  ( —C.  cstuarius)  which  may  be 
synonymous  with  carinata)  from  South  Africa:  and 
C.  polita  from  eastern  and  southern  coastal  United 
States.  An  analysis  of  the  zoogeography,  physiologi¬ 
cal  tolerations,  morphological  variations,  and  habitat 
niches  of  the  estuarine  species  of  Cyathura  should 
yield  valuable  information  on  the  past  and  present 
evolution  of  species  of  Cyathura,  and  the  peculiar 
conditions  which  obtain  in  an  estuarine  habitat.  Eu- 
ryokous  estuarine  species,  capable  of  surviving  in  a 
characteristically  fluctuating  environment,  are  tradi¬ 
tionally  conservative  from  an  evolutionary  standpoint. 
How,  then,  have  cyathurans  spread  around  the  world 
and  differentiated  into  so  many  species? 

ZOOGEOGRAPHY 

No  one  knows  for  certain  the  exact  number  of  valid 
species  of  Cyathura,  a  genus  of  the  subtribe  Anthuro- 
idea  in  the  order  Isopoda.  The  anthurid  genera  have 
not  always  Itecn  adequately  described — as  K.  H.  Bar¬ 
nard  said  ir  his  revision  of  the  Family  in  1925,  "In 


the  old  days  species  were  dumped  into  " Anthura ”  or 
“Paranthura”,  and  consequently  both  genera  became 
jumbles  of  widely  differing  forms.”  The  recently  es¬ 
tablished  species",  C.  polita  (Miller  and  Burbanck. 
1%I),  was  at  one  time  or  another  designated  as  three 
different  species  of  Anthura.  The  following  discus¬ 
sion  of  the  distribution  of  species  of  Cyathura  deals 
with  species  generally  recognized  at  this  time,  but  the 
author  realizes  that  new  species  may  be  discovered, 
further  study  may  result  in  redefining  the  present 
species,  and  more  intensive  investigation  may  show 
the  need  for  a  critical  study  of  the  generic  concepts 
within  the  Anthuroidea. 

The  genotype  species,  C.  carinata,  as  delineated  by 
Miller  and  Burbanck  (1961)  has  been  reported  from: 
type  locality  in  Copenhagen  Harbor,  Denmark  (Krp- 
yer,  1847;  Smidt,  1944)  ;  northward  along  the  Swed¬ 
ish  coast  (Lowegren,  1937;  Lundstrdm,  1937)  of  the 
Baltic  and  eastward  to  the  Bay  of  Danzig  (Dahl, 
1944 ;  Segerstraalc,  1957)  ;  the  Netherlands  ( Burbanck 
and  Burbanck,  1964)  ;  both  the  English  (Spooner  and 
Moore,  1940)  and  F'rench  (Clerct,  I960)  sides  of  the 
English  Channel;  the  western  coast  of  France  (Sal- 
vat,  1962)  ;  several  locations  along  the  shores  of  the 
Mediterranean  Sea  (Monod,  1925;  Stammer,  1932; 
Larwood,  1940;  Amar,  1951;  Burbanck  and  Bur¬ 
banck,  1964);  China  (Tattersall,  1922);  and  Asiatic 
Russia  (Gurjanova,  1936).  Animals  reported  as  C. 
carinata  from  South  Africa  (Barnard,  1925;  Day 
ct  al.,  1952;  Scott  ct  at.,  1952)  may  be  a  distinct  spe¬ 
cies,  C.  csluaria  (Miller  and  Burbanck,  1961).  The 
cyathurans  from  eastern  North  America  which  for¬ 
merly  were  included  in  the  species  C.  carinata  have 
now  been  put  into  the  reestablished  species,  C.  polita 
(Miller  and  Burbanck,  1961).  Since  these  three  es¬ 
tuarine  species,  C.  carinata,  C.  csluaria,  and  C.  polita, 
are  similar  in  size,  physical  and  chemical  habitat  char¬ 
acteristics,  and  general  morphology,  but  almost  cir- 
cumglobal  in  distribution,  it  is  suggested  that  they  be 
considered  a  species  complex,  the  C.  carinata  complex. 

Other  than  the  members  of  the  C.  carinata  complex, 
the  widest  ranging  species  of  Cyathura  is  the  3.5-8 
mm-long  C.  indica  (including  C.  pusilla  Stebbing,  ac¬ 
cording  to  Miller  and  Burbanck,  1961)  which  has 
l>een  reported  from  British  East  Africa,  southwest 
India,  Ceylon;  Singapore,  and  Siam,  from  depths 
ranging  from  1  to  14  fathoms  (Barnard,  1925).  Al¬ 
most  indistinguishable  from  C.  indica  morphologi¬ 
cally,  and  from  a  similar  depth  (4  fathoms),  is  C. 
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erne  is  from  the  \‘ ir^iri  Islands,  West  Indies  (  Bar- 
nard,  1925  t.  Other  marine  sjtecies  with  very  limited 
distrilmtion  are  eyeless  C.  sianiciisis  from  Siam  ( Bar- 
nard,  1925 ),  C.  niinula  from  10-50  fathoms  off  the 
southern  coast  of  California  fMenzies  and  Barnard, 
1950).  a  new  species  front  near  the  mouth  of  the 
Altamaha  River,  Georgia  ( I'rankenlterg,  19651.  and 
an  unnamed  species  found  at  3-8  fathoms  two  miles 
off  the  coast  of  Accra,  Ghana  (  Buchanan,  1958).  In 
addition  to  estuarine  and  marine  species,  there  are 
two  species  which  live  in  freshwater  springs,  C.  cu- 
rasstivica  from  the  island  of  Curasao,  just  north  of 
Venezuela  (Stork,  1940),  and  C.  milloli  from  Re¬ 
union  Island  east  of  Madagascar  ( Delamare  Debout- 
teville,  I960),  and  a  new  species.  (\  spcciis,  reported 
from  a  freshwater  lake  in  a  cave  in  eastern  Cuba 
(  Bowman.  1965 ». 

Three  anthurids  from  western  and  northwestern 
Africa  of  uncertain  taxonomic  status  are  C.  crc- 
mophila,  of  which  only  a  few  imperfect  specimens  are 
known,  and  C.  robertiana  and  C.  Houi'iUci,  the  last 
two  probably  belonging  to  the  genus  Authclura  (Mo- 
nod.  1925;  Miller  and  Burbanck,  1961).  Also  as¬ 
signed  to  the  genus  Authclura  bv  Barnard  (1925) 
and  Menzics  (1962)  is  the  abyssal  form  from  Davis 
Strait.  Canada,  Cyathura  truncata . 

The  widespread  distribution  of  the  genus  Cyathura 
and  of  the  cariuata  complex  may  lie  significant  when 
considering  the  evolution  of  sjiecies.  It  is  generally 
conceded  that  an  organism  having  a  worldwide  dis¬ 
tribution  is  ancient,  or  a  descendant  of  a  widely  dis¬ 
persed  ancestor  (  Willis,  1949).  It  is  possible  that  the 
C.  cariuata  complex  represents  an  “old  s|iecies”.  The 
less  widely  distributed  species  may  have  arisen  in 
either  of  two  ways,  by  lieing  relict  species  isolated 
king  ago  fronr  the  main  population  of  Cyathura  but 
lacking  the  genetic  makeup  to  colonize  adjacent  areas, 
or  by  speciation  having  taken  place  in  modem  times 
and  not  yet  having  had  time  to  occupy  a  large  area. 

Sex  era!  facts  of  physical  and  historical  geology  arc 
appropriate  to  consider  at  this  point.  According  to 
Snodgrass  (1938).  Crustacea  are  at  least  Cambrian 
in  origin  “being  contemporaneous  with  the  oldest 
known  trilobites".  By  the  Permian  period,  therefore, 
it  is  possible  that  animals  very  similar  to  modern 
cyatlmrans  could  have  evolved.  The  modem  distribu¬ 
tion  of  Cyathura  shows  a  marked  correlation  with 
areas  under  the  influence  of  the  Tethys  Sea  which 
played  an  imjiortant  role  from  the  Permian  period 
to  the  middle  of  the  Cenozoic  era.  Rudistid  pelecy- 
jkkIs  from  the  late  Cretaceous  show  a  horizontal  dis¬ 
tribution  of  fossils  from  the  Gulf  of  Mexico  across 
western  Europe  and  the  shores  of  the  Mediterranean 
Sea  to  northern  India,  and  finally  to  the  East  Indies 
(Kummel,  1961).  Geological  evidence  supports  the 
hypothesis  that  transgressions  of  the  Tethys  Sea  dur¬ 
ing  the  Triassic,  Jurassic,  and  Cretaceous  periods 
could  have  provided  pathways  for  the  distribution  of 
a  cyathuran  or  cyathuran  progenitor  from  the  region 
of  the  present  Mediterranean  Sea  to  the  Gulf  of 
Mexico,  to  the  Baltic  Sen  and  Denmark  and  England, 


to  the  south  along  the  eastern  coast  of  Africa,  and  to 
the  east  where  the  Tethys  Sea  extended  to  the  present 
Himalayan  Mountain  area  and  interconnected  with 
waters  to  the  north  and  south  of  modern  China 
(Moore.  1933;  Kummel,  1961).  Indications  are  that 
during  this  time  warm  or  temperate  climates  pre¬ 
vailed  in  the  area  covered  by  the  Tethys  Sen.  No 
fossil  cyathurans  are  known,  but  this  is  not  surprising 
since  they  disintegrate  quickly.  Fossils  of  J.iinulus, 
which  is  found  with  Cyathura  in  some  modern  habi¬ 
tats,  and  of  the  crustacean,  Cyclosphacroma,  whose 
modem  counterparts  are  found  with  Cyathura,  are 
known  from  the  Jurassic  period  (Easton,  1960)  :  so 
it  is  not  unreasonable  to  suppose  that  cyathurans  were 
evolving  during  the  Mesozoic  era. 

To  return  to  the  idea  of  a  C.  cariuata  complex,  it 
is  possible  that  a  C.  rariwnfa-like  cyathuran  with  habi¬ 
tat  requirements  similar  to  those  of  modern  C.  Cari¬ 
na  fa  evolved  in  Permian  or  early  Triassic  times  and 
populated  parts  of  the  Tethys  Sea.  That  segment  of 
the  population  which  reached  American  shores  and 
the  Gtdf  of  Mexico  differentiated  into  C.  polita. 
Those  that  migrated  down  the  east  coast  of  Africa  to 
South  Africa  became  C.  cstuaria.  Others  may  have 
migrated  from  the  eastern  limits  of  the  Tethys  Sea 
north  of  the  South  China  massif  and  now  arc  found 
on  the  coast  of  China  and  at  the  mouth  of  the  Amur 
River  in  Asiatic  Russia.  A  part  of  the  cariuata 
complex  may  have  penetrated  southward  from  the 
eastern  limits  of  the  Tethys  Sea  and  differentiated 
into  C.  indica  and  C.  sianiciisis. 

The  above  concept  of  a  C.  cariuata  complex  as¬ 
sumes  that  the  animals  were  benthic  forms  in  rela¬ 
tively  shallow  waters.  Thus,  as  the  waters  rose  and 
fell  on  the  wide  coastal  plain  of  eastern  North  Amer¬ 
ica  in  Cenozoic  times,  the  C.  polita  element  of  the 
complex  could  have  spread  northward  and  southward 
from  the  Gulf  of  Mexico  (Ray  ct  at.,  1963).  C  crucis 
and  C.  curassavica,  from  shallow  sea  water  and  a 
freshwater  spring,  respectively,  in  the  Caribbean  area, 
may  represent  populations  of  the  euryhalinc  C,  cari- 
nata  complex  which  became  geographically  isolated 
during  the  middle  or  late  Cenozoic  era  and  developed 
morphological  characters  distinct  enough  to  be  given 
species  rank  today.  Although  there  is  no  geological 
evidence  of  a  land  bridge  across  the  Caribbean  Sea 
from  Florida  to  South  America,  it  is  possible  that 
small  land  masses  were  alternately  emergent  or  sub¬ 
merged  and  allowed  some  migration  of  shallow-water 
and  terrestrial  animals.  There  arc  modern  estuarine 
crustaceans  in  Florida  which  are  closely  related  to 
South  American  species,  and  fossil  lxmes  of  a  flight¬ 
less  bird,  armadillo-related  animals,  and  sloths  with 
South  American  affinities  that  have  been  found  in 
streams  and  springs  in  Florida  (Brodkorb,  1963; 
Sparks,  1963). 

Estuarine  forms  are  traditionally  conservative 
(Hedgpcth,  1957),  and  the  C.  cariuata  complex  ani¬ 
mals  are  typically  found  in  estuaries,  but  there  is 
some  evidence  of  migration  and  evolution  of  species 
in  modern  times.  A  warming  trend  in  northern  lands 
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may  account  for  the  movement  of  C.  polita  up  tne 
eastern  coast  of  the  United  Spates  and  of  C.  carinala 
into  Sweden  ( Burban'-k,  1959).  Not  only  low  tem¬ 
peratures,  but  the  molar  effects  of  ice  moving  down¬ 
stream  in  the  spring  and  its  rising  and  falling  with 
the  tides  could  make  northern  habitats  unsuitable  for 
cyathurans.  The  finding  of  a  new  species,  C.  bur¬ 
banck:,  eignt  and  one-lialf  miles  east  of  a  population 
of  C.  polita  on  Sapelo  Island  near  the  mouth  of  the 
Altanviha  River,  Georgia  (Frankenberg,  1965),  raises 
the  possibility  of  a  marine  species  derived  from  the 
estuarine  C.  polita.  The  distribution  of  ryathuran 
populations  in  the  St.  Johns  River  system  in  Florida 
indicates  how  freshwater  species  now  found  in  springs 
may  have  arisen  from  estuarine  forms  in  the  past  and 
may  continue  to  do  -o  in  the  future.  As  long  as  there 
is  the  possibility  of  interbreeding  between  populations 
which  occur  the  length  of  the  St.  Johns  River  from 
its  brackish  mouth  to  the  springs  120  miles  upstream, 
a  single  species  will  be  maintained.  If  the  populations 
adjacent  to  those  in  the  springs,  however,  were  de¬ 
stroyed  by  predation,  physical  changes  in  the  environ¬ 
ment,  or  disturbance  by  man,  the  animals  living  in 
fresh  for  almost  fresh)  water  would  be  isolated  from 
other  cyathuran  populations  and  in  time  might  dif¬ 
ferentiate  into  a  new  species. 

Although  ('  polita  is  present  in  every  state  along 
the  Atlantic  coast  of  the  United  States,  it  has  a  dis¬ 
junct  distribution  rather  than  a  continuous  one  since 
it  is  an  estuarine  species.  Thus  the  'estruction  of  all 
the  cyathurans  in  an  estuary  woul  widen  the  gap  be¬ 
tween  neighlioring  populations.  Hurricanes  destroyed 
pf  ruhtions  of  C.  polita  in  the  Ashepoo  River,  South 
t  aiulina  (  Burbanck,  1961a),  and  at  Naushon  Island, 
one  of  the  Klizaheth  Islands  between  Buzzards  Bay 
and  Vineyard  Sound,  Massachusetts  (Burbanck, 
1962a).  Man  destroys  populations  by  building  dams 
which  cut  off  the  flow  of  fresh  water,  bv  dredging 
estuaries  to  build  boat  harbors,  by  filling  lowlands, 
and  by  rendering  environments  anaerobic  by  the  in¬ 
troduction  of  industrial  and  fecal  contamination  ( Bur¬ 
banck.  1962a  i. 

On  the  positive  side,  man  may  aid  in  the  distribu¬ 
tion  of  cyathurans  and  may  create  habitats  for  them. 
(  .  polita  has  lieen  successfully  transplanted  from  the 
warmer  south  to  the  colder  north  side  of  Cape  Cod, 
Massachusetts  (  Burbanck,  l%2a),  a  distance  of  10-15 
miles  oveiland  hut  much  farther  by  coastal  waters. 
During  the  days  of  sailing  vessels  which  used  rock 
ballast,  cyathurans  may  inadvertently  have  been  car¬ 
ried  great  distances,  and  currently  they  have  been  in¬ 
cluded  in  shipments  of  the  aquatic  plant,  I'allisncria. 
In  the  United  States,  the  depositing  of  rocks  as  rail¬ 
road  ballast  or  to  support  highway  bridges,  and  the 
use  of  sand,  gravel,  and  shell  to  build  launching  ramps 
for  small  I  mats  have  created  stable  substrata  where 
cyathurans  have  been  found  (Burbanck,  1961a;  Miller 
and  Burbanck.  !%1  ).  In  the  Netherlands,  C.  carinala 
is  found  in  estuaries  under  rocks  (Burbanck.  1962b) 
and  aiong  the  sandy-mud  margins  of  newly  made  land. 


Altogether,  the  present  zoogeography  of  the  C. 
carinala  complex  offers  various  opportunities  for  con¬ 
tinued  evolution  of  Cyathura.  The  many  estuarine 
populations  of  C.  polita  on  Cape  Cod  ( Burbanck. 
1962a)  are  not  widely  separated  from  each  other,  and 
there  may  be  occasional  interchange  between  popula¬ 
tions.  According  to  Dobzhansky  (1937).  a  species  in 
such  a  situation  “is  in  a  most  advantageous  position 
for  an  evolutionary  change”.  Potentially  C.  polita  on 
Cape  Cod  could  differentiate  into  distinguishable,  ge¬ 
ographically  separated  races,  or  there  could  he  a  Cape 
Cod  variant  of  the  species  distinct  from  other  popula¬ 
tions  of  the  C.  carinala  complex. 

PHYSIOLOGY 

Since  cyathurans  are  so  widely  distributed  both 
temporally  and  geographically,  it  is  to  be  expected 
that  within  the  C.  carinala  complex  there  would  be 
physiological  differences,  perhaps  even  physiological 
races.  One  of  the  most  striking  characteristics  which 
C.  carinala  and  C.  polita  have  in  common,  however, 
is  that  they  are  both  euryokous.  These  estuarine 
cyathurans  living  in  creeks,  rivers,  bays,  and  marshes 
are  subjected  to  stresses  of  salinity,  pH,  and  tempera¬ 
ture  which  change  not  only  with  the  tides  but  also 
with  seasons,  latitude,  and  local  storm  conditions. 

Among  all  of  the  environmental  characteristics  of 
estuaries,  salinity  has  received  the  greatest  attention. 
This  is  not  the  place  to  review  the  voluminous  litera¬ 
ture  pertaining  to  the  reactions  of  estuarine  animals 
to  salinity,  but  it  is  appropriate  to  cite  recent  works 
on  the  osmoregulatory  capacities  of  C.  polita  which 
arc  pertinent  to  our  present  discussion.  As  Hedgpeth 
(1957  )  suggests,  curyhalinity  “may  lie  a  physiological 
characteristic  not  of  a  species  or  a  genus  alone,  but  of 
a  phyletic  stock”,  and  thus  be  of  evolutionary  sig¬ 
nificance. 

At  the  northern  end  of  their  range,  C.  polita  live 
in  habitats  where  the  water,  according  to  the  Venice 
System  (Am.  Soc.  Limnol.  Oceanog.,  1958),  is 
(mixo-)  polyhaline.  About  1,500  miles  to  the  south 
in  Florida,  the  same  species  lives  far  up  the  St.  Johns 
River  in  (mixo-)  oligohaline  springs  flowing  into 
Lake  George  and  in  a  limnetic  habitat  (0.2  c,ir)  in 
the  runoff  of  W'ceki  Wacliee  Spring  on  ti  e  Gulf  side 
of  the  state  (Burbanck,  unpublished).  In  contrast  to 
these.  polita  250  miles  farther  south  near  Flamingo 
at  the  southern  tip  of  Florida  live,  at  certain  times  of 
the  year,  under  hvperhaline  conditions  (up  to  70  %r) 
(Segal  and  Burbanck,  1963)  which  arc  caused  by 
high  radiation  and  rapid  evaporation.  Under  all  of 
these  conditions  of  salinity,  reproducing  populations 
of  (  .  polita  occur,  as  evidenced  by  females  bearing 
embryos  or  juveniles  in  their  marsupia.  Since  the 
survival  of  young  is  usually  considered  the  critical 
stage  in  the  life  history  of  an  organism,  thorough 
tests  should  lie  made  of  the  salinity  tolerance  of  juve¬ 
nile  forms  of  Cyathura.  Nikitin  and  Turpaeva  (1959) 
have  reported  a  narrow  range  of  tolerance  for  larval 
stages  of  Black  Sea  benthic  invertebrates  and  state 
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that  "the  true  eury  liability  of  species  is  determined  hy 
the  critical  stage  of  their  development  which  shows 
the  least  ecological  valency  as  regards  salinity”.  Juve¬ 
nile  forms  of  polita  shed  at  a  salinity  of  32  %  in 
a  laboratory  aquarium  in  Massachusetts,  lived  and 
grew  at  this  salinity  in  finger-bowl  cultures  until  their 
food  was  exhausted.  More  laboratory  studies  of  sur¬ 
vival  of  juveniles  need  to  lie  made,  but  present  evi¬ 
dence  suggests  that  £'.  polita  is  a  truly  euryhaline 
s|iecies. 

Latitudinal  studies  of  osmoregulation  of  C.  polita 
have  revealed  that  the  salinity  characteristics  o'  the 
ecosystem  may  affect  the  osmoregulatory  ability  of 
geographically  separated  populations,  however.  Ani¬ 
mals  from  a  tidal  creek  at  Marshfield.  Massachusetts, 
and  from  a  beach  at  Sajielo  Island,  Georgia,  had 
essentially  the  same  osmoregulatory  abilities ;  at  lower 
salinities  the  animals  were  hyperosmotic  ar.d  above 
87  percent  sea  water  they  were  isoosmotic,  regardless 
of  temperature  changes  (Frankenberg  and  Burbanck, 
1963).  The  results  were  different  when  a  comparison 
was  made  of  animals  from  I’ocassct,  Massachusetts, 
and  Silver  Glen  Springs,  Florida  (  Segal  and  Bur¬ 
banck,  1963),  two  places  about  the  same  distance 
apart  as  Marshfield  and  Sapelo  Island.  The  estuarine 
I’ocasset  animals  were  hyperosmotic  over  a  salinity 
range  from  distilled  water  to  70  percent  sea  water, 
isoosmotic  at  about  70  percent,  and  regulated  to  re¬ 
main  approximately  isoosmotic  up  to  155  percent. 
Differences  in  temperature  did  not  affect  their  osmo¬ 
regulatory  ability.  Silver  Glen  Springs  animals  were 
not  able  to  osmoregulate  over  as  wide  a  salinity 
range;  experimental  animals  (at  22°  C.)  died  at  sa¬ 
linities  less  than  those  of  their  natural  habitat  (3.5 
percent)  but  were  isoosmotic  at  high  concentrations. 
Their  osmoregulatory  ability  in  both  high  and  low 
salinities  was  impaired  at  temperatures  of  5°  and 
2?°C 

The  results  of  these  experiments  cannot  lie  ex¬ 
plained  on  the  basis  of  latitudinal  difference  alone, 
since  the  two  southern  populations  did  not  react  in 
the  same  way.  The  physiological  difference  of  the 
Silver  Glen  Springs  animals  may  lie  explained  by  the 
fact  that  their  natural  environmental  conditions  are 
more  constant  than  are  those  of  the  other  populations 
and  they  may,  therefore,  have  lost  some  ability  to 
adjust  to  changes  in  temperature  and  salinity.  Tidal 
salt  water  does  not  penetrate  as  far  up  the  St.  Johns 
River  as  the  runoff  of  Silver  Glen  Springs,  but  the 
water  is  alkaline,  and  the  combination  of  mild  climate 
and  constant-temperature  spring  water  (21°  C.)  keeps 
temperature  variation  at  a  minimum.  The  two  north¬ 
ern  populations  have  year-round  temperature  vari¬ 
ations  of  from  2°  to  23°  C.  and  with  each  tidal  change 
the  salinity  varies  from  0.5  %c  to  17  %r.  The  tempera¬ 
ture  range  of  the  water  at  the  Sa|ielo  Island  habitat 
is  at  least  18'  C„  and  although  the  salinity  remains 
fairly  constant  during  tidal  cycles,  there  are  seasonal 
variations  related  to  increased  or  decreased  discharge 
of  fresh  water  hy  the  Altamr.ha  kiver.  Thus  there 


may  lie  phenotypic  differences  in  the  cyathuran  popu¬ 
lations  in  Florida  spring  waters  that  could  result  in 
physiological  races. 

Temperature  has  been  shown  to  play  a  part  in  the 
ability  of  cyathurans  to  osmoregulate  (Segal  and 
Burbanck,  1963),  but  comparative  tolerance  tests  of 
northern  and  southern  cyathurans  subjected  to  ex¬ 
treme  tenqieratures  have  not  been  made.  C.  polita 
collected  in  Massachusetts  exhibited  a  wide  range  of 
tolerance  when  subjected  to  temperature  changes  in 
the  laboratory.  When  exposed  for  12  hours  (a  tidal 
cycle )  to  the  extremes  of  —8°  C.  and  45°  C.,  half  of 
the  animals  died,  but  those  which  survived  appeared 
to  recover  completely.  On  the  basis  of  the  results  of 
the  osmoregulation  studies  of  Cyathura,  it  might  be 
expected  that  cyathurans  from  the  more  constant  tem¬ 
perature  conditions  of  Florida  spring  waters  \  ni.  1  be 
less  tolerant  of  temperature  extremes  than  th  i>e  from 
Massachusetts. 

To  further  complete  the  picture  of  a  euryokous 
animal,  cyathurans  appear  to  be  omnivorous  in  their 
feeding  habits.  Diatoms  and  detritus  have  been  found 
in  their  alimentary  tracts,  but  in  the  laboratory  we 
have  seen  them  attack  and  eat  Gammarus  tigrinus, 
injured  and  young  cyathurans,  and  dead  Fundulus 
(Burbanck,  1961b  ).  Whether  or  not  cannibalism  may 
occur  in  the  field  is  debatable  because  cyathurans  do 
not  normally  leave  their  burrows  in  pursuit  of  prey. 
Both  C\  cstuaria  1  Barnard,  1925)  and  C.  polita  do 
possess  a  setigerous,  chitinous  stomach  which  might 
serve  to  strain  out  foreign  or  indigestible  substances 
if  they  ingested  larger  particles  of  food  than  the  finely- 
divided  detritus  usually  consumed.  Whether  or  not 
cyathurans  are  carnivorous,  it  is  probable  that  they 
are  bo*'i  herbivorous  and  carnivorous  detritus  eaters 
(Blegrad,  1914).  C.  polita  have  been  kept  in  the 
laboratory  in  plastic  boxes  containing  a  mixture  of 
sand  and  mud  about  2  cm  in  depth  shallowly  covered 
with  brackish  water  for  from  3-8  months.  As  unfed 
animals  moved  through  the  ffocculent  surface  material 
composed  of  detritus  and  some  diatoms,  their  empty 
alimentary  tracts  became  filled,  as  could  readily  be 
seen  under  a  microscope  with  transmitted  light.  The 
ability  to  use  such  a  non-specific  food  as  finely  divided 
detritus  enables  cyathurans  to  live  under  a  great  vari¬ 
ety  of  conditions  and,  therefore,  raciation  with  respect 
to  food  requirements  is  not  probable. 

Although  C.  polita  can  tolerate  a  wide  range  of 
environmental  factors,  there  are  certain  ones  which 
must  obtain  for  the  species  to  maintain  vigorous,  re¬ 
producing  populations  and  which  appear  to  limit  the 
extension  of  the  present  range  of  the  species  or  ac¬ 
count  for  its  absence  from  certain  habitats.  These 
limiting  factors  fall  into  the  same  general  categories 
that  Savilov  (1959)  listed  as  affecting  the  bottom 
fauna  groupings  of  invertebrates  of  the  North  Ok¬ 
hotsk  Sea : 

‘‘1 — Water  movement  as  a  factor  in  the  food 

supply  of  sessile  and  semi-sessile  animals ; 

2 — the  quantity  of  plankton  and  suspended 
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detritus  in  the  water  itself,  as  the  main  food 
of  marine  bottom  animals;  3 — the  rate  of 
deposition  accumulation  and  the  nature  of 
the  distribution  of  the  deposited  detritus  on 
the  bottom;  4 — the  mechanical  composition 
of  the  ground  as  a  substance  for  the  support 
of  animals;  and  5— the  degree  of  vertical 
mixing  and  of  aeration  of  the  bottom  water.” 

In  the  truly  estuarine  habitats,  there  is  always  suffi¬ 
cient  water  movement  to  distribute  detritus  over  the 
"semi-sessile”  tubiculous  cyathurans,  but  the  quantity 
of  the  food  may  be  insufficient  to  support  both  cyathu¬ 
rans  and  associated  animals.  There  are  usually  small 
numbers  of  animals  of  the  species  which  live  with 
C.  polita  along  the  coast  of  the  United  States,  but  at 
both  Arcachon,  France  (Salvat,  1962),  and  in  Maine 
on  the  east  coast  of  the  United  States,  populations  of 
Corophium  appear  to  replace  Cyathura,  perhaps  be¬ 
cause  of  competition  for  food.  If  detritus  were  to  be 
deposited  at  such  a  high  rate  that  aeration  of  the 
water  above  cyathurans  was  reduced,  or  at  such  a 
low  rate  that  the  food  supply  was  insufficient,  popu¬ 
lations  might  he  reduced  in  size  or  even  eliminated. 
In  general,  however,  detritus  supplies  are  adequate, 
but  not  excessive,  throughout  the  range  of  the  C. 
carinala  complex.  As  has  been  pointed  out  already, 
food  is  not  usually  a  critical  factor  in  the  survival  of 
cyathurans  nor  in  the  prevention  of  the  extension  of 
their  range. 

Savilov’s  fourth  point  concerning  "the  mechanical 
composition  of  the  ground"  in  which  benthic  animals 
live  is  a  much  more  important  factor  than  food  in 
relation  to  evathuran  populations,  t'.  polita  is  found 
only  where  there  is  a  stable  substratum.  Shifting 
sandy  beaches,  estuaries  where  silting  conditions  are 
extreme,  and  shores  or  stream  beds  where  swift  cur¬ 
rents  scour  the  bottoms  cannot  support  populations  of 
C.  polita.  The  texture  of  the  soil  must  he  suitable: 
young  cyathurans  live  interstitially  and  adults  may 
live  in  the  tubes  of  other  animals  or  make  tulies  of 
their  own.  and  the  soil  particles  must  he  of  the  proper 
size  for  such  modes  of  life  (Delamare  Debnutteville. 
1960).  Not  only  is  the  structure  of  the  substratum 
important,  hut  it  must  always  lie  saturated  with  water. 
C\  polita  cannot  survive  even  a  little  drying.  This 
factor  may  prevent  the  colonization  of  the  Texas  coast 
of  the  (lull  of  Mexico  and  be  one  of  the  reasons  why 
there  is  not  an  estuarine  species  of  Cyathura  on  the 
coast  of  California,  because  in  both  places  the  creeks 
and  rivers  either  dry  up  or  are  intermittent  during 
periods  of  severe  drought.  Related  to  the  composition 
of  the  substratum  is  the  factor  of  competition  for 
space.  It  may  lie  advantageous  for  cyathurans  to  la- 
associated  with  a  population  of  tulie-building  worms, 
but  disadvantageous  to  compete  with  a  more  closely 
related  form,  such  as  the  benthic  Corophium. 

As  for  the  invertebrates  of  the  North  Okhotsk  Sea, 
aviation  and  mixing  of  the  water  may  he  a  limiting 
factor  for  Cyathura.  which  must  have  an  adequate- 
supply  of  dissolved  oxygen.  It  was  recognized  early 


(Burbanck,  1959)  that  C.  polita  occurs  only  where 
there  is  sufficient  water  movement  to  insure  proper 
aeration. 

In  addition  to  physical  environmental  factors,  there 
is  an  inq>ortant  biotic  one  which  may  affect  evolution 
in  Cyathura.  Predation  may  act  as  a  limiting  factor 
in  the  extension  of  the  range  of  the  species,  as  an 
isolating  mechanism  by  destroying  part  of  a  continu¬ 
ous  population,  or  as  a  stimulant  for  protective  adap¬ 
tation  and  selection  within  the  species  which  might 
become  fixed  genetically  and  produce  local  variants. 
In  Kurope,  eel.  sea  scorpion  (Larsen,  1936),  and 
plaice  are  known  to  eat  Cyathura.  In  the  United 
States  they  are  eaten  by  black  duck,  brook  trout,  and 
flounder  in  Massachusetts  (Burbanck,  1962a).  by 
white  perch,  striped  bass,  and  spot  in  Chesapeake  Bay 
(Frank  I.  Schwartz,  personal  communication),  by 
large-mouth  bass  and  blue  gills  in  Florida  (McI-ane. 
1947  >,  and  by  many  fish  in  Lake  l’ontchartrain  (Dar¬ 
nell,  1958;  Burbanck,  1963).  In  conversations  and 
correspondence  with  biologists  and  fishermen  here 
and  abroad,  the  statements  were  repeatedly  made  that 
numbers  of  cyathurans  fell  off  in  the  summer  because 
of  predation  by  fish.  This  would  seriously  reduce  the 
size  of  a  population  if  the  height  of  predation  took 
place  during  the  season  when  females  were  carrying 
young,  but  such  a  depletion  of  numbers  has  not  been 
observed  in  the  large  population  at  l’ocasset,  Massa¬ 
chusetts,  where  I  have  made  year-round  studies. 
Wading  birds  may  also  prey  on  Cyathura.  We  do 
not  have  any  direct  evidence  for  this  except  the  ex¬ 
ample  of  the  black  duck,  but  attached  to  the  alimen¬ 
tary  tract  of  C.  polita  from  Massachusetts  and  Sapelo 
Island  have  been  seen  metaccrcaria  which  have  been 
tentatively  identified  as  a  parasite  having  as  its  final 
host  such  birds  as  plovers  and  gulls  ( Burbanck. 
1962a). 

Wnile  prctl-.tinn  may  cause  geographic  isolation 
which  might  eventually  lead  to  raciation  and  speci- 
ation  in  Cyathura.  reproductive  isolation  is  another 
mechanism  frequently  involved  in  speciation.  There 
are  several  significant  gaps  in  our  knowledge  of  re¬ 
production  of  Cyathura,  however.  Cyathurans  have 
never  been  reported  in  a  clasping  condition  nor  in 
copula,  either  by  the  present  author  or  by  other 
workers  with  the  genus.  Observations  of  C.  polita 
have  revealed  females  carrying  young  in  Florida  at 
all  seasons  of  the  year ;  gravid  females  are  found  in 
Massachusetts  only  in  the  summer :  sperm  have  been 
found  in  the  vasa  detcrcntia  of  male  C.  polita  when¬ 
ever  and  wherever  collected.  A  series  of  smear  prepa¬ 
rations  of  testes  of  Massachusetts  animals  made  dur¬ 
ing  March.  April,  May,  and  June,  however,  and  spot 
checks  at  other  times  of  year  and  at  other  places  have 
not  given  a  complete  picture  of  spermatogenesis. 
Field  observations  suggest  that  ('.  polita  individuals 
live  at  least  three  years,  increasing  in  size  each  year, 
but  the  time  of  sexual  maturation  of  animals  is  not 
known.  Very  young  animals  arc  externally  undiffer¬ 
entiated  as  to  sex,  hut  by  the  time  they  reach  medium. 
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two-year-old  size,  males  can  be  identified  by  the  brush- 
like  flagellum  of  the  first  antenna  and  the  appendix 
niasculina  on  the  second  pleopod.  Vet  large  animals 
that  superficially  appear  female  have  ken  observed 
to  undergo  a  metamorphosis  and  acquire  external 
male  chaiaetei isties  laic  in  life.  In  Massachusetts, 
when  gravid  females  appear  in  June,  large  dead  or 
dying  males  appear  above  ground  as  if  they  had  come 
to  the  surface  and  died,  a  phenomenon  which  suggests 
the  completion  of  a  sexual  cycle.  The  whole  picture 
is  not  clear,  however,  and  until  more  positive  evidence 
of  copulation  and  fertilization  is  found,  the  possibility 
exists  that  cyathurans  may  produce  offspring  par- 
thenogenetically. 

Regardless  of  whether  or  not  there  is  sexual  re¬ 
production  in  C.  polita,  there  is  evidence  of  physi¬ 
ological  variation  in  the  reproductive  cycle  correlated 
with  difference  in  latitude.  In  the  wanner  southern 
climate,  young  are  produced  several  times  during  a 
year.  In  Massachusetts,  young  are  produced  only 
once  a  year,  while  at  the  most  northern  station  for 
C.  polita  in  the  United  States,  Chewonki  Creek, 
Maine,  young  may  not  be  produced  every  year  since 
sometimes  there  are  only  large  and  medium-sized, 
but  no  small  animals  present  in  mid-November. 

MORPHOLOGY 

To  many  biologists  today,  a  comparative  study  of 
homologous  structures  in  different  species  of  Cyatliura 
or  between  populations  of  the  C.  cariuata  complex  is 
neither  as  exciting  as  the  study  of  their  zoogeography 
nor  as  modern  as  a  study  of  physiological  differences 
among  cyathurans.  It  must  be  pointed  out,  however, 
that  although  the  former  is  ii  leed  absorbing,  much  of 
the  evidence  from  the  geological  past  is  speculative. 
Also,  although  modernity  is  the  fetish  of  our  day,  our 
lack  of  information  on  the  physiology  of  juvenile 
cyathurans  all  but  nullifies  any  conclusions  drawn 
from  adults  alone.  For  these  reasons,  morphological 
evidence  of  evolutionary  change  is  still  of  paramount 
importance. 

Perhaps  one  of  the  most  careful  and  painstaking 
studies  of  morphological  differences  among  cyathu¬ 
rans  is  the  comparative  study  by  Miller  <  Miller  and 
llurbauck,  1961)  of  cariuata  and  C.  polita.  This 
study  resulted  not  only  in  the  untangling  of  a  taxo¬ 
nomic  enigma,  but  also  confirmed  and  extended  our 
precise  knowledge  of  the  comparative  anatomy  of 
cyathurans.  In  bis  study.  Miller  reiterated  the  im¬ 
portance  of  the  usual  diagnostic  characters  such  as 
size,  the  first  antenna,  mouth  parts,  segmentation  of 
the  pleon,  the  shape  of  the  telson,  and  cited  additional 
significant  structures.  lie  discovered  a  heretofore 
unrecognized  sex  dimorphism  in  the  gnathopods  of 
(  .  cariuata,  and  emphasized  for  the  firs!  time  the  in*, 
portance  of  the  appendix  niasculina  on  the  second 
pleopod,  calling  it  a  “valuable  diagnostic  character" 
and  of  “great  systematic  ini|K>rtance".  We  promise  to 
examine  here  certain  morphological  characters  of 
l  ya  ill  lira  in  the  light  of  their  evolutionary  and  eco¬ 


logical  significance,  namely  size,  the  structure  of  the 
abdomen,  the  appendix  niasculina,  and  the  dorsal 
chromatophoral  pattern.  None  of  these  snow  such 
striking  correlation  of  structure  and  adaptation  to 
habitat,  however,  as  do  the  generic  modifications  of 
the  antkurid  telson  cited  by  Barnard  (1925). 

Unless  large  numbers  of  cyathuran  specimens  are 
available  for  comparison,  size  (an  obvious  charac¬ 
teristic  )  is  not  a  very  useful  one  for  separating  races 
and  species.  After  collecting  hundreds  of  C.  polita 
and  scores  of  C,  cariuata,  it  seems  apparent  to  me 
that  the  American  species  is  larger  than  the  European 
and  perhaps  the  African  one ;  however,  there  is  a 
great  overlap  in  the  size  distribution  of  the  two  spe¬ 
cies  and  only  by  using  statistical  comparisons  involv¬ 
ing  measurement  of  large  numbers  of  cyathurans 
would  any  useful  information  emerge.  In  such  a 
study  it  would  be  necessary  to  take  into  consideration 
such  seasonal  lactors  as  predation  of  cyathurans  and 
size  classes  related  to  age  of  animal  and  time  of  pro¬ 
duction  of  young  There  appears  to  be  no  correlation 
of  animal  size  with  geographic  distribution.  The 
largest  polita  in  North  America  are  found  from 
Cape  Cod  northward  and  from  the  mouth  of  the  St. 
Johns  River.  Florida,  southward,  but  at  the  edge  of 
the  Everglades  in  the  often  highly  saline  waters  at 
the  southern  tip  of  Florida,  cyathurans  are  small. 
Cyathurans  from  the  Hudson  River,  an  intermediate 
latitude  with  almost  completely  fresh  water,  were  un¬ 
usually  small.  Other  imputations,  such  as  those  in 
Chesapeake  Bay  and  those  of  C.  cariuata  in  the  Baltic 
and  Mediterranean  Seas,  are  not  characterized  by 
“large"  or  “small”  animals,  but  are  made  up  of  in¬ 
dividuals  of  all  sizes.  Size,  therefore,  has  only  a 
limited  use  in  distinguishing  ecotypes,  races,  sub¬ 
species,  and  species  of  Cyatliura,  at  least  within  the 
C.  cariuata  complex. 

Similarly,  the  degree  of  fusion  of  the  pleonites  of 
C.  polita,  earlier  suggested  as  a  possible  specific  dif¬ 
ference  (Burbanck  ct  al.,  1956),  is  not  a  good  di¬ 
agnostic  character  to  use  as  a  basis  for  possible 
raciation.  In  C  .  polita,  the  anterior  five  pleonites  are 
fused  dor  sally  and  usually  laterally,  but  there  may  be 
only  partial  lateral  fusion.  The  numkr  and  extent  of 
visible,  lateral  suture  lines  varies  throughout  the 
range  of  C.  polita  and  within  any  given  population; 
".  .  .  variants  are  just  as  apt  to  occur  in  New  Eng¬ 
land  populations  as  in  cyathurans  in  Florida"  I  Miller 
ami  Burbanck.  1%1  >,  Segmentation  of  the  pleon  is 
important,  however,  in  distinguishing  anthurid  genera 
(Barnard.  1925;  Menzics  and  Rarn.it  n  lio'U. 

It  has  long  lieen  recognized  by  entomologists  (Ross, 
19561  that  “structural  differences  in  the  copulatory 
organs  furnish  excellent  taxonomic  characters  in  manv 
groups  of  insect:  f;  r  the  dffc-rntialion  of  families, 
genera,  or  species".  Miller  ( Miller  and  Burbanck, 
1961  ),  in  his  emphasis  u|x>n  the  importance  of  the 
ap|tendix  niasculina  in  (  xathura,  accepts  this  prin¬ 
ciple.  but  he  adds  an  evolutionary  significance  to  it 
when  he  says,  "The  taxonomic  ini|Mirtance  of  mi- 
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herently  stable  genital  structures  is  generally  recog¬ 
nised  since  they  presumably  are  not  subject  to  en¬ 
vironmental  modification,  and,  in  some  instances,  may 
actively  determine  by  their  structural  conformations 
whether  or  not  interbreeding  can  take  place." 

Barnard  (1925)  noted  that  the  complexity  or  sim¬ 
plicity  of  the  structure  of  the  appendix  masculina  was 
characteristic  of  some  cyathuran  species,  and  Miller 
(Miller  and  Burbanck,  1961)  found  an  easily  recog¬ 
nized  and  consistent  difference  between  the  complex 
appendices  of  C.  polila  and  carinata  based  on  the 
point  of  origin  of  the  crowned  process  which  arises 
from  the  laterally  projecting,  subterminal  lobe  of  the 
stylet  in  each  species.  This  difference  is  always  evi¬ 
dent,  although  there  are  many  minor  variations  in  the 
structure  of  the  appendix  masculina  throughout  the 
range  of  C.  polila  which  appear  to  fall  within  the 
normal  range  of  variability  and  are  in  no  way  corre¬ 
lated  with  habitat. 

From  the  point  of  view  of  evolution  and  speciation, 
the  structure  of  the  appendix  masculina  is  of  pri¬ 
mary  importance,  assuming,  of  course,  that  it  is  a 
copulatory  organ.  The  differences  that  do  exist  might 
prevent  interspecific  breeding  if  the  ranges  of  the  spe¬ 
cies  overlapped,  and  if  the  present  minor  variations  of 
polila  should  prevent  intraspecific  breeding  within 
populations,  the  resultant  reproductive  isolation  would 
encourage  raciation.  This  matter  must  remain  specu¬ 
lative,  however,  since  “presumably  these  appendices 
serve  as  copulatory  organs  (as  in  isopods  generally), 
but  the  details  of  the  process  and  the  function  of  the 
constituent  parts  is  unknown”  (Miller  and  Burbanck, 
1961 ). 

Superficially,  the  dorsal  chromatophoral  patterns  of 
(.'.  polila,  ('.  carinata,  and  C‘.  cstmria  that  we  have 
seen  resemble  each  other  to  a  remarkable  degree 
(Burbanck  and  Burbanck,  1961,  1964;  Cleret.  1960). 
Small  variations  in  the  distribution  of  the  cliromato- 
phores  <x-cur  in  all  populations,  but  regional  differ¬ 
ences  can  l»e  detected  particularly  between  northern 
and  southern  populations  of  polila  (Burbanck  and 
Burbanck.  1961 ),  In  populations  near  the  limits  of 
the  range  of  ('.  polila  in  Maine,  Louisiana,  and  Mis¬ 
sissippi,  and  in  populations  somewhat  isolated  ge¬ 
ographically  from  the  species  as  a  whole,  as  in 
Martha's  Vineyard,  Massachusetts,  and  in  Alabama, 
there  was  a  fusion  of  parts  of  the  pattern  that  dis¬ 
tinguished  the  animals.  Regional  differences  were 
evident  in  specimens  of  (  .  carinata  collected  in  the 
Netherlands,  two  locations  in  France,  and  in  Italy 
1  Burbanck  and  Burbanck.  I't64  l  Sufficient  nuniliers 
of  animals  from  South  Africa  have  not  yet  liecn  ex¬ 
amined  to  discover  the  degree  of  variation  in  that 
area.  None  of  these  differences  are  absolute  and  there 
is  some  overlapping  of  ty|>rs.  Whether  or  not  these 
differences  are  genetic  and  may  lie  correlated  with 
other  geographical  variations  such  as  the  north-south 
difference  in  osmoregulatory  ahilitv  is  a  question 
which  cannot  l»e  answered  until  breeding  ex|*eriments 
or  more  transplantations  are  |>erformed.  The  dorsal 


pat'erns  of  at  least  four  other  Crustacea  are  genetically 
con’  oiled:  Sphacroma  scrralum  (Bocquet  cl  at., 

1950) :  Tisbc  reticulata  (Battaglia,  1958;  Bocquet, 

1951 )  ;  Sacra  marina  ( Bocquet,  1955 ) ;  and  Cambcrcl- 
lus  shulfeldlii  (Volpeand  Penn,  1957). 

Following  the  method  published  by  Clausen  and 
Hiesey  (1958)  for  studying  four  levels  of  variability 
in  ecological  races  of  the  plant  I'otcntilla  glandulosa 
complex,  the  available  information  on  populations  of 
C.  polila  was  similarly  analyzed  by  Burbanck  and 
Burbanck  (1961).  There  seemed  to  lie  close  agree¬ 
ment  between  the  types  of  variability  for  the  first 
three  levels  as  cited  by  Clausen  and  Hiesey,  and  more 
recent  information  on  Cyalhura  su,  plements  the  ear¬ 
lier  data.  To  summarize:  (1)  There  is  variation 
within  local  populations.  This  is  true  for  C.  carinata 
as  well  as  C.  polila.  (2)  There  are  varying,  isolated, 
local  populations  within  the  same  climatic  range.  C. 
polila  shows  examples  of  this  type  of  variation  in  the 
populations  living  along  the  Gulf  of  Mexico  and  on 
Cape  Cod.  In  Europe  this  is  also  true  for  C.  carinata 
in  populations  living  in  estuaries  and  etangs  along 
the  Mediterranean  and  is  very  likely  true  for  popula¬ 
tions  living  on  either  side  of  the  English  channel,  in 
the  Tamar  River  (between  Cornwall  and  Devon), 
and  in  Brittany  and  Normandy.  (3)  Ecotypes  with 
physiological  differences  are  sometimes  accompanied 
by  morphological  differences.  The  latitudinal  differ¬ 
ences  in  osmoregulation  between  Cape  Cod  and  Silver 
Glen  Springs.  Florida,  animals  and  the  northern  and 
southern  patterns  of  t\  polila  are  examples  of  this. 
Further  study  may  reveal  similar  correlations  with 
differences  in  the  appendix  masculina  and  differences 
in  latitudinal-seasonal  variations  in  the  reproductive 
cycle.  (.'.  carinata  also  shows  differences  in  pattern 
that  may  he  of  this  level  of  variability.  (4)  Concern¬ 
ing  the  establishment  of  morphologically  and  physi¬ 
ologically  distinct  taxonomic  sub-species  within  the 
('.  carinata  complex,  it  does  not  seem  to  us  at  all  im¬ 
possible  that  with  more  zoogeographical  evidence,  by 
the  use  of  serological  tests,  and  with  additional  work 
on  cyathuran  physiology  and  morphology,  the  Ameri¬ 
can  forms  (both  brackish-water  and  marine  i  and  the 
South  African.  Chinese,  and  Russian  forms  may  all 
lie  recognized  eventually  as  subspecies  of  the  "old" 
species.  (  '.  carinata  i  K rover.  1847  i. 

As  something  of  an  appendix  or  |«istscript,  the 
question  might  well  In-  asked.  "Why  has  not  more 
liecn  done  on  the  study  of  cyathuran  chromosomes?" 
\\  by.  indeed  ?  The  fact  is  that  they  are  very  difficult 
to  study  because  of  their  small  size,  arid  there  are 
|KX’uliarities  in  their  meiotic  stages  that  have  not,  as 
yet,  liecn  fathomed.  Because  of  difficulty  in  dissecting 
out  female  reproductive  tissue,  meiotic  studies  were 
made  of  s|>crmatogrnosis  rather  than  of  oogenesis. 
Tentative  chromosome  counts  can  lie  made,  hut  some 
stages  ap|iear  to  lie  missing  and  a  coherent  picture  has 
not  yet  evolved.  We  have  found  t’ssues  with  appar¬ 
ently  haploid,  diploid,  and  tetraploid  nuclei.  The  pres¬ 
ent  working  hypothesis  is  that  n  =  12.  When  the 
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chromosome  number  for  a  particular  population  of 

polita  has  been  determined  and  the  details  of  the 
male  and  female  meiotic  stages  discovered,,  we  can 
make  an  efficient  cvto- taxonomic  approach  to  the 
problems  of  raciation  and  evolution  in  Cyathura. 

CONCLUSIONS 

The  picture  that  we  have  presented  is  that  of  a 
truly  estuarine,  benthic  animal,  an  indicator  species, 
which  presents  unlimited  opportunities  for  further 
evolutionary  development.  There  arc  populations  of 
Cyathura  of  every  size  and  in  many  countries  around 
the  world.  ,n  small,  geographically  isolated  popula¬ 
tions,  phenotypic  adaptations  may  lead  to  genetic 
differences  and  more  rapid  spcciation  than  in  large 
populations  (Wright,  1940) ;  but  there  is  the  constant 
danger  that  small  populations  may  become  extinct  by 
a  catastrophic  event  or  deleterious  inbreeding.  In 
larger  populations  there  is  opportunity  for  gene  flow 
and  the  maintenance  of  a  vigorous  species;  from  an 
estuarine  habitat,  a  large  cyathuran  population  may 
invade  adjacent  fresh-  and  saltwater  habitats  and  be¬ 
come  physiologically,  and  eventually  morphologically, 
differentiated  into  new  species. 

There  are  indications  that  raciation  may  already  be 
taking  place  in  some  populations.  Now  that  it  has 
Iteen  proved  that  cyathurans  can  be  labeled  with  Zn63 
(  Burbanck  ct  al.,  1964),  it  may  be  possible  to  per¬ 
form  transplant  experiments  to  test  whether  the  ob¬ 
served  differences  are  truly  genetic  or  merely  non- 
heritahle  adaptations  to  environmental  conditions.  One 
transplant  experiment  was  attempted  from  Florida  to 
an  apparently  suitable  site  in  Massachusetts  where 
there  were  no  cyathurans,  but  the  |iopulation  survived 
only  a  few  weeks  (Burbanck,  1962a),  apparently  due 
to  predation  by  i  Vo  pugnax.  With  labeled  animals, 
transplants  could  be  made  to  areas  where  cyathurans 
were  already  established,  thus  avoiding  the  hazard 
of  predation  by  or  competition  with  other  genera. 
Various  ty|>es  of  intraspecific  crosses  would  also  need 
to  he  made  before  races  or  subsidies  could  he  postu¬ 
lated  within  a  s|>ecies  of  Cyathura. 

The  foregoing  pro|x>sitions  are  based  on  the  as¬ 
sumption  that  there  is  sexual  reproduction  in  Cy- 
alltura.  Cyathurans  do  have  morphologically  distin¬ 
guishable  males  and  females ;  s|ierm  are  produced  in 
the  male  gonads  and  are  found  in  the  vasa  deferentia ; 
there  is  a  seasonal  dying  of  mates  correlated  with  the 
ap|>earance  of  gravid  females.  However,  males  and 
females  have  never  lieen  seen  clasping  nor  in  copula; 
there  have  been  no  cytological  observations  of  meiosis 
during  oogenesis  nor  of  fertilization :  there  are  chro¬ 
mosomal  irregularities  during  spermatogenesis.  Sexual 
reproduction  occurs  in  other  isopods.  but  it  has  been 
noted  that  cyathurans  are  relatively  conservative  with 
res|>ect  to  adaptive  spcciation.  If  some  or  all  of  the 
imputations  were  parthenogenctic.  this  might  be  one 
explanation  of  their  conservatism.  In  a  study  of 
brackish-water  nereids  in  California,  Smith  (1958) 
has  found  reproductive  differences  which  can  be  user! 


as  specific  characters  and  suggests  that  the  hermaph¬ 
roditic  species  has  been  derived  from  a  form  with 
sexual  reproduction. 

There  is  at  least  one  genus  of  Tanaid,  A pseudes, 
which  is  similar  to  Cyathura  with  respect  to  ge¬ 
ographic  distribution,  tolerance  of  a  wide  range  of 
salinities,  and  opportunity  for  further  evolutionary 
development.  In  connection  with  a  survey  of  the 
depths  at  which  Apscudcs  is  found,  Wolff  (  1956)  lists 
four  fresh-  or  brackish-water  species,  12  littoral,  31 
at  depths  of  10-20,000  m,  and  six  truly  abyssal  s;  ecies. 
The  genus  is  cosmopolitan  with  more  man  hah  of  the 
species  being  reported  from  the  Atlantic  O' ean  and 
the  Mediterranean  Sea. 

It  is  possible  that  the  investigation  of  evolutionary 
trends  in  animals  associated  with  Cyathura  might  re¬ 
veal  that  they,  also,  are  in  the  process  of  differentiat¬ 
ing  into  distinct  races.  Benthic  animals  which  we 
and  others  have  frequently  found  with  Cyathura  are 
Nereis,  Hypaniola,  Macoma,  Nassarius,  Leptochclia, 
sphaeromids,  Corophium,  and  Gammarus  tigrinvs. 
Given  a  certain  set  of  environmental  conditions  such 
as  those  of  an  estuary,  there  may  be  a  mutual  inter¬ 
dependence  among  the  members  of  the  biocoenosis 
whereby  they  give  similar  responses  and  tend  to 
evolve  in  the  same  direction.  It  is  significant  that  it 
has  been  stated  that  both  Cyathura  and  Apscudcs 
need  further  taxonomic  revision  and  that  Smith 
(1958)  suggested  the  physiological  process  of  repro¬ 
duction  as  a  taxonomic  character.  The  ecological  ap¬ 
proach  could  be  a  synthesizing  agent  to  bring  together 
physiology,  taxonomy,  and  genetics  to  differentiate 
species  and  analyze  cvoV^nary  trends  in  estuarine 
animals. 

Authors  Note:  This  work  was  supported  by  National 
Science  Foundation  Grant  No.  G-21li5. 
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Other  paper*  in  this  volume  have  dealt  with  many 
aspects  of  estuarine  benthic  ecology  Attention  has 
been  given  to  problems  concerning  the  evolutionary 
patterns  of  estuarine  communities,  species,  and  popu¬ 
lations,  particularly  the  important  question  of  sub¬ 
specific  differentiation  in  brackish  waters  and  the 
responsible  selective  factors. 

I  would  like  to  emphasize  the  jiotential  contribution 
that  evolutionary  genetics  could  bring  to  the  solution 
of  some  problems  the  marine  ecologist  may  face  when 
studying  such  a  peculiar  milieu  as  the  estuary,  and 
the  contribution  of  these  environments  and  their  liv¬ 
ing  inhabitants  to  the  better  knowledge  of  evolution¬ 
ary  mechanisms  in  the  sea.  Front  this  viewpoint,  the 
importance  of  estuaries  lies  in  the  fact  that  these 
hrackish-water  environments,  as  well  as  other  mar¬ 
ginal  areas  of  marine  habitat  such  as  intertidal  re¬ 
gions.  interrupt  the  continuity  and  the  relative  stabil¬ 
ity  of  marine  environments.  In  estuaries,  the  fluctu¬ 
ation-.  of  ecological  conditions  themselves  may  act  as 
selective  factors.  Moreover,  the  discharge  into  estu¬ 
aries  of  fresh  water  of  various  temperatures  )ad“n 
with  sediments — a  typical  feature  of  the  estuarine  en¬ 
vironment — creates  (latches  of  different  temperat  ires 
and  salinities,  thus  forming  habitat  inches  similar  but 
not  completely  com;>arahir  to  the  number  of  micro¬ 
environments  offered  by  a  rocky  bottom.  Therefore, 
the  relation  between  genetic  structures  of  estuarine 
imputations,  es|K*cially  those  which  arc  seilentarv.  can 
he  expressed  at  a  nuerogeographic.il  level,  .oh!  a  |«r- 
tial  control  of  physical  ami  chemical  conditions  ami 
of  animal  populations  may  lie  feasible. 

As  our  knowledge  of  the  hrtithir  estuarine  fauna 
increases,  the  ntmthrr  of  bottom  sjiecies  suitahh  tor 
laL'ratory  culture,  and  therefore  for  she  exjierimetital 
analysis  of  tlse  above  relations.  is  becoming  inrrras 
inglv  greater  ( hi  tlse  iiavis  of  tlse  more  recent  ad- 
vances  in  the  held  of  |«>puhvii<*i  ecology  we  may  also 
he  able,  in  the  near  future,  to  analyze  the  factors  con¬ 
trolling  the  estaWishment  of  special  hmthic  facies  at 
all  possible  levels  of  integration  namely  irnnt  the 
trvel  of  Memleiian  )«»twi!atit«5*  up  to  the  lei  cl  of  coot 
|4cx  conummities  whose  nwmhcn  are  krpt  together 
V»v  thp  interaction  of  environmental  factors 

INTKKSm  IKS  AND  ISTK ASI’H  IKS 

SKl.FtTION  IN  BRAC  KISH  \V  ATFRS 

Much  iv  known  about  the  m*i  genet ie  adaptation 
to  the  variable  brackish -water  environment.  in  nthrr 
words,  about  the  great  pny  siologieal  homeostasis 


achieves!  by  the  inhabitants  of  tins  fluctuating  milieu. 
Although  our  information  on  the  genetic  background 
of  this  adaptation  is  very  scanty,  some  examples  are 
already  available.  They  have  been  drawn  mainly  from 
the  results  of  work  carried  out  in  the  Lagoon  of 
Venice  during  the  last  few  years.  This  lagoon,  as 
well  as  the  other  ones  situated  along  the  Adriatic 
coast  from  Grado  to  C'omacchio,  has  polyhaline 
waters  and  most  of  its  inhabitants  are  of  marine  ori¬ 
gin.  However,  the  great  variability  of  its  conditions 
in  time  and  space  does  not  allow  the  permanent  settle¬ 
ment  of  many  marine  forms.  A  first  selection  takes 
place  among  marine  species  the  moment  they  enter 
the  lagiMin  from  the  sea.  Few  of  them  are  able  to 
survive  in  the  new  environment  and.  therefore,  the 
lagoon,  compared  with  the  adjacent  sea,  is  inhabited 
by  a  remarkably  reduced  number  of  species.  Crusta¬ 
ceans.  molluscs,  echinodernis.  fishes,  and  other  organ¬ 
isms  provide  good  evidence  of  this  situation  I  D’Ali- 
cona  and  Battaglia,  FRvil.  To  quote  a  few  examples, 
of  the  358  s|<vics  of  fish  recorded  in  live  Adriatic  Sea 
fSoljan.  1*W8>  only  85  are  found  in  the  Lagoon  of 
Venice,  ami  most  of  them  arc  occasional  01  temporary 
inhabitants.  Of  the  It 7  s|>ccirs  of  echinodernis  found 
in  the  Adriatic  Sea.  only  15  live  in  the  lagoon  i  Va¬ 
lova  IV5t)  i  Among  the  IVca|>«(la.  only  six  of  the 
33  I  raehy  'iranv  found  in  the  sea  are  common  in  thc 
lairoon. 

A  strong  selection  occurs  also  inside  the  !agi»m. 
This  applies  especially  to  sjh.k •  snlcntary  forms  which 
gradually  tkrrrave  Ltlh  m  nme, Iter  of  s|>ocics  ami  in- 
d-viduals  as  they  aj.proarh  tlie  inner  (saris  of  the 
lagoon,  that  is.  those  farthest  front  the  sra.  For  eg. 
ample,  the  Adriatic  fauna  intitules  18  sjsecies  of  cir 
nitexles  representative  t  t  nine  genera,  wlwreas  in  the 
lagoon  tliere  live  tisir  v|te\  tes  1*1.  mg  mg  to  two  gen 
t-ra  .  vatir  of  dietn,  however.  e.m  l«r  fnund  only  m 
those  areas  which  are  nearevl  the  sea  i  Kign.  1  ‘M J 1 
A  similar  situation  «mrv  with  the  Sy IIhLc  i  Po¬ 
ly  charta  t.  All  the  ”  -|<eoes  reeoriled  for  tlie  lagoon 
can  It  found  in  tlie  areas  closer  to  the  sea  In  three 
stations  situated  along  s  line  which  goes  from  the 
sea  toward  the  inner  margin  of  the  lagonn.  their 
numbers  t):iy  i«  t  5.  and  0  i (  ognetfi  l*>58i  In 
the  Adriatic  lipMH.  no  rndrtmc  species  have  been 
.lisrosrrnl  so  far  prohaNy  because  of  the  eompara 
lively  recent  origin  -•!  these  ms  irnnmenls 

Natural  selection  in  the  lipnu  mav  art  at  a  tpe 
cthc  as  well  at  at  an  mtr  jenfk  level  Research,  for 
live  !>urj»Me  of  <V-trc1tng  thr  vertical  in  the  lagoons  >( 
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those  genotyjirs  within  a  s|iecics  which  possess  the 
necessary  requirements,  has  recently  been  carried  out. 
e*|wcially  utilizing  sonic  benthic  copepods  showing 
adaptive  genetic  |mlymorphisnt. 

ADAPTIVE  POLYMORPHISM  IN  MARINE 

AND  BRACKISH-WATER  ORGANISMS 

A  species  which  proved  to  lie  protitalile  material  for 
the  genetic  study  of  adaptive  processes  ami  of  intra- 
specific  differentiation  is  the  liarpacticoid  cojiepod 
Tub*  retiiulata  Bocquet.  This  species  exhibits  a 
striking  pofyehromatistn  which,  for  the  population  of 
the  Lagoon  of  Venice,  is  under  the  control  of  a  series 
of  multiple  alleles.  The  sjiecies  occurs  also  in  Roscoff 
(France)  and  llymouth  (England),  but  the  Atlantic 
populations  differ  from  the  Adriatic  ones  in  many  re- 
sjiects.  The  main  differences  arc  in  the  frequencies 
of  the  genes  responsible  for  polymorphism  and  in  the 
ability  to  withstand  low  salinities.  Moreover,  there  is 
a  certain  degree  of  incompatibility  to  crossing  be¬ 
tween  the  two  populations,  as  revealed  by  the  low  sur¬ 
vival  of  the  Ft  hybrids  ami  by  the  upsetting  of  the 
sex  ratio  among  them.  This  differentiation  is  likely 
to  lie  the  result  of  the  ecological  divergencies  between 
the  marine  ami  brackish-water  biotopes  ( Battaglia. 
1957).  We  have  also  obtained  experimental  evidence 
of  the  adaptive  nature  of  the  polymorphism  in  Ttsbt. 
In  fact,  tlie  different  forms  show  different  norms  of 
rractmn  when  confronted  with  varying  salinities  and 
temperatures.  Some  components  of  their  fitness  ap- 
jiear  to  be  affected,  to  a  varying  extern,  by  differences 
in  these  ecological  parameters.  For  instance,  the  form 
mWikvj  is  favored  by  lower  salinities  and  higher  tetn- 
|>eratiires.  and  it  is  also  the  form  best  able  to  tolerate 
a  wide  range  of  conditions.  An  attempt  has  been 
made  recently  to  see  whether  the  different  abilities  to 
stand  diluted  sea  water  of  the  homozygotes  violate* 
ami  fri/jjiu/u  were  due  to  different  osmoregulatory 
I mwers  »  Battaglia  and  Bryan.  19Mt.  The  two  getm- 
ti|ie>  coiii|»arrd  have  exhibited  a  significantly  dif¬ 
ferent  rate  of  uptake  of  Na".  K,!.  and  which 

Slid'  further  evidence  to  the  physiological  im|>ortance 
of  tlie  sc  genetic  differences. 

One  of  tlie  mam  mccltani*m*  which  maintains  poly  - 
tmirpbisitt  m  I  r,lh m/ala  is  the  higher  viahdity  of 
tlie  lw-trro/igi<rs  compared  to  tlvc  Isatwuv gotr*  The 
iiii|>ortaiM'r  of  tlie  role  played  by  hetenisi*  in  tlie 
maintenance  of  this  (Milsmortdifsnt  tv  stressed  by  the 
results  of  expel immts  carried  out  with  laNvralory 
populations  which  |>ermit  the  investigation  of  all  the 
risii[imotli  oi  fitness  of  tlw  various  jnetyfes  t  Bat¬ 
taglia.  I'JfC). 

Another  interesting  asjiert  of  :l>e  adaptation  in  T. 
ft  (i*  mitiij.  and  in  other  sprvtrs  «•(  the  same  genus, 
roocetns  their  [ecultar  genetic  sex  determination.  In 
f  islwlar  »rx  drterniinatwm  is  mnltifactorial,  and  this 
miiJin  a  mnarkahle  variability  of  the  sex  nls» 
according  to  the  kind  of  matings  Moreover,  any  in 
crease  of  heterozygosity  leads  to  an  increase  of  fe¬ 
males.  whe»eas  an  increase  of  homozygosity —which 
in  nature  could  result  from  a  decrease  m  the  size  of 


the  pofiulation — involves  a  shifting  of  sex  ratio  in 
favor  of  males.  It  has  been  shown  that  at  least  some 
of  the  various  sex  genotyjies  have  different  selective 
values.  Without  going  into  details,  it  can  be  recog¬ 
nized  easily  how  such  a  mechanism  of  sex  determina¬ 
tion.  combined  with  natural  selection  operating  on  the 
different  genotyjies.  may  be  of  great  adaptive  impor¬ 
tance.  In  oilier  words,  a  mechanism  of  the  kind  just 
described  can  make  an  environmental  choice  of  the 
fittest  >ex  ratio  highly  probable.  Tlie  advantages  of 
such  a  situation  are  quite  clear,  especially  in  a  vary¬ 
ing  environment  like  that  of  estuarine  brackish  waters. 

Another  case  of  genetic  polymorphism  is  given  by 
the  colonial  ascidian  Bolryiltu  tthlosseri  (Sabbadin, 
1959),  a  species  which  is  abundant  and  widespread  in 
the  Lagoon  of  Venice.  This  animal  has  several  types 
of  vacuolar  cells  containing  pigments  of  various  colors 
and  chemical  natures.  The  different  distribution  of 
these  cells  permits  the  distinguishing  of  three  main 
discontinuous  characters,  whose  presence  or  absence 
is  under  the  control  of  three  pairs  of  independent  fac¬ 
tors.  The  variety  of  patterns  in  nature  is  due  to  the 
various  combinations  of  these  factors.  Sabbadin  be¬ 
lieves  tliat  the  |>oly morphism  of  Bolryiliu  is  adaptive. 
Actually,  it  was  recently  found  <  Sabhadin,  personal 
communication )  that  the  frequencies  of  certain  forms 
vary  according  to  depth.  This  case  deserves  further 
investigation. 

ESTUARINE  ENVIRONMENT  AND 
GENETIC  STRUCTURE  OF  POPULATIONS 

Another  problem  concerning  the  relation  between 
environment  and  genetic  structure  of  populations, 
which  might  be  attacked  in  estuarine  benthic  habitats, 
is  that  of  the  degree  oi  judy morphism,  the  number  of 
forms  by  which  a  polyin«>r|>hic  specas  may  be  repre¬ 
sented  in  these  peculiar  environments.  From  many 
observation*  carried  out  in  the  brackish  wa*ers  of  the 
1-agoon  of  Venice,  wr  have  iound  that  the  copcpvwls, 
7  i-i fir  rctn  afii/ti  and  I'orttUidiam  /imbruitmm,  and  the 
tsopod.  Sfkotroma  serralmm.  arc  represented  by  fewer 
forms  than  in  typical  marine  habitats,  such  as  Plym¬ 
outh.  Roscoff.  or  tlw  Bay  oi  Naples.  This  apparently 
suggests  that  the  same  mechanism*  which  neural  the 
estaldishment  of  different  species  in  the  lagoon  operate 
also  at  an  intrasjwcihc  level.  If  tlw  degree  of  poly¬ 
morphism  :*  a  function  of  the  variety  t»f  the  ccologi- 
ral  niche*  available,  the  reduced  degree  of  polymorph, 
isrn  m  tlw  lagoon  (-■pulalKins  nxilil  he  ascribed  to  the 
smaller  number  of  me  hr*  offered  by  this  environment 
as  r<«iq>arrd  to  marine  crust  itrms  Such  a  (wselxlifi 
IS  suggested  by  th*  relatively  monotonous  Vegetal 
substratum  associated  with  these  benthic  forms  An¬ 
other  inqxwtant  factor  is  provided  in  the  exacting 
lagoon  env irnnmrtil  where  the  chances  of  su  v:sal  dr- 
|cwl  primarily  on  the  ability  to  tolerate  the  incon¬ 
stancy  of  the  medium.  A  red-wed  degree  of  visible 
pidy morphism,  however,  does  not  myrsvifili  trtqjy  a 
drop  in  genetic  variabtlitv.  For  their  inhabitants  of 
marine  origin,  Ugtmnt  and  nturm  [irvsent  a  Ugh 
variabtlitv  in  tinsr  that  must  snmehow  V-  In 
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environments  of  this  sort  a  reduced  polymorphism 
may  in  part  be  replaced  by  an  enforced  individual 
homeostasis  A  nonspecific  genic  variability  enabling 
the  species  to  confront  unpredictable  environmental 
changes  ( in  oxygen,  temperature,  nutrients,  etc. ) 
could  be  of  great  advantage  (Battaglia,  1964  >.  We 
are  therefore  investigating  if,  in  Tithe,  there  are 
other  possible  sources  of  genotypical  plasticity  which 
can  endow  the  species  or  the  pofiulation  with  poten¬ 
tial  adaptability. 

GEOGRAPHIC  DIFFERENTIATION  IN- 
PHYSIOLOGICAL  CHARACTERISTICS 

Another  aspect  concerns  the  adaptation  of  the 
brackish-water  organisms  of  marine  origin  to  vary¬ 
ing  salinities.  The  cases  of  homeostatic  adaptation  in 
the  physiology  of  populations  or  subs|iecirs  known 
to  be  genetic  are  so  few  that  Prosser  was  led  to  con¬ 
clude  that  on  the  whole  "physiological  races  are 
scarce  and  adaptations  are  either  phenotypic  or  their 
bearers  arc  properly  separable  as  good  species"  i  Bul¬ 
lock,  1958).  In  my  opinion,  this  is  merely  due  to  the 
paucity  of  marine  forms  which  have  so  far  proved 
suitable  for  genetic  investigations. 

For  the  study  of  inherited  physiological  differences. 
Tisbtdae  offer  excellent  material.  We  have  seen  ear¬ 
lier  that  the  populations  of  T ithe  reticulata  from  Hos- 
viiff  ami  ironi  the  1  jgoon  of  Venice  differ  in  their 
ability  to  stand  low  salinities.  The  problem  has  been 
attacked  utilizing  another  benthic  copcpod.  Tithe  fmr- 
rala,  which  is  far  more  suitable  for  this  kind  ot 
research. 

Three  geographical  populations  of  7  fureala.  one 
from  lly tnouth  and  the  others  front  two  hiarktsli- 
watrr  hxalitics  in  tlir  Adriatic  Sea  i  ( ’hioggia.  in  the 
l.ignno  of  X  enter  and  tlie  l-ake  of  \  araim.  t  iargano. 
Ajtuliai.  hair  hmi  compared  as  to  their  tolerance 
diluted  sea  water  The  mean  salinities  in  the  three 
localities  show  ronarkaltle  differences  flies  decrease 
in  the  following  ortler :  Plymouth,  t  hioggia.  ami  liar 
gam*  ills'  latter  two  places  also  sjlou  with-  salinity 
fluctuations  The  r>|eriments  consisted  **i  transfer 
ring  samples  of  adults  of  the  same  age  front  the 
stamtard  lahoralort  sea  water  i  .M  i  itit. ,  dilutr<l 
sea  water  1  18  •  \t  the  ins -merit  o!  tlte  transier 

tlte  animals  sullerrsl  a  Sit, Knl  *!neli  r r « wit  which.  alter 
a  certain  time,  they  rrvotcrrd  I  he  tones  t*i  rcc.nrri 
for  the  three  |.^wilati'*ti  were  rrcstnletl  and  tlte  mean 
lahie-  i  in  minutest  together  with  their  standard 

errors  tfr  „,  follows 

i  .argarso  4.t  I'i  ■  X.' 

t  hioggia  54  4.’  *  I  lr. 

Mimmith  81  58  T.  !  W. 

The  differences  between  the  three  |>nfwtla!i<wis  are 
significant  bring  in  all  cases  I'  <  0|  Thr  |ctt«U 

linns  at  thr  nsmnit  o(  the  e\|w-rtn.eTtt  were  lh«»r 
(Wtghls  acclttnafed.  having  been  l<-j4  tn  the  labor ators 
tmdrf  stanslard  lalrmts  and  temperature  renditions  fo* 
«rrr  two  years  i  more  tnin  <t)  genera  I  ioe.t !  and 
thrfrforr  fhe  Jwrt rd  differences  must  hr  gmcticallt 
controlled  \  further  csvfc-nrr  of  thr  gersrtic  natutr 


rrasrso  «  i,,«ou'. 


r.wr  (im 

big.  I.  Times  of  recovery  fruen  the  shuck  suffered  by 
individuals  behaiging  to  tluee  geographical  populations  of 
/  ist fureaht,  and  by  hybrids  of  the  cross  (iargano  X 
Plymouth,  transferred  into  dilutrd  sea  water.  The  straight 
line  indieatrs  the  held  of  variation ;  thr  vertical  bar,  me 
tjlw  of  the  mean ;  the  solid  hand,  a  standard  deviation 
on  racn  suit  of  the  mean,  the  empty  rectangle,  twice  lltr 
'laniard  error  on  each  aide  of  tlte  mean. 

of  these  differences  has  born  oiitaincil  by  testing  the 
titlerance  to  dilution  of  the  F,  and  F»  of  the  cross 
Plymouth  X  (iargano.  Tlte  greater  tolerance  of  the 
F|  hybrids.  compared  to  the  parental  (inpulatiuns. 
show  s  that  they  are  strongly  heterotic.  In  the  F; 
there  is  an  inerrase  of  variance  w  Inch  is  dearly  due 
to  segregation  i  Fig  1  i. 

The  three  i-ofiutations  compared  arc  therefore  ge¬ 
netically  ilifferent  is  to  their  ilegrcc  of  tsdrrance  of 
dilutes!  sra  water,  The  more  tolerant  population  is 
throne  from  < iarg.in**.  followed  in  order  by  the  popu¬ 
lations  front  t  hioggia  ami  Plymouth  The  aiLiptue 
meaning  of  tlu-se  differences  is  ohi  ions,  since  thci 
can  lir  relate*!  to  the  average  salinities  ot  the  places 
ironi  where  tlte  |H>|iulattons  cmuc.  It  seems.  Iwosrvrr. 
that  ilic  tlrrfrrmtial  tolrrancr  to  sahlllt)  variations 
ntig.it  le  catlsr*l  not  only  hi  the  effect  of  i|tecific 
genes— not  necessarily  main-  hut  also  by  tlse  ilcgrrr 
•  >;  hetern/y  gostti 

(  torn  l lie  examples  ami  llte  coniwleraliotis  rr*»>rlrsl 
also r.  »r  mui  *!r.*.»  file  *>nc!uiton  that  tlte  ItrttlliM' 
r<sii|«evr-ift  ot  the  latiii-,  lit  mg  ■>  estuaries  ami  brack 
ish  water  !ag*sais  offrrs  a  most  interesting  researrh 
held  lath  to  llsr  ce**i**giit  an*l  dir  graft  wist  These 
rns  iftatments  cltaf  aetertze*!  h*  rrtnarkaftle  ffuctu 
altins  in  sisace  ami  time.  ,iihirct  their  In  mg  inhahi 
lanls  to  sefeetne  pressures  which  mas  imliicr  dtf 
ferettlialwe- 1  al  sartous  Irsrls  These  mi  ir.nniml* 
therefore  due  lose  uni.jttr  nj.|ssf  tmulics  for  (hr  vltwli 
of  ci-Jutum  ami  a<ta{4at-n  ;n  llsr  sea 

f»?f  e  j  X  -I.-  Th  amlsir  gratrfuus  also tr-tge » 
thr  tupfrel  *4  rms  h  >4  hr*  research  ha  I  Hr  'V  rntrs*  \a 
tvsuk  -h  1  twa“  , a  (Ssr  l  \  K  .  Itais 

I  !Uk"  X  ft  TO  (  ITHl 

R  X  T  T  X'.J  IX.  It.  PIT  Kcil.-gpral  itilrimtuissi  am] 
rnrirml  mfta*tasrthc  wdatssi  m  ma  r  tor  i.^rpsk 
fa.  /*.  s  *••  AM t 
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Estuarine  Nekton 


J.  L.  McIIUC.H 

Bureau  of  Commercial  fisheries.  Bisk  and  Wildlife  Service,  I S.  Department  of  the  Interior, 

ll'asliinf/ton,  D.  C. 


The  term  “nekton”  belongs  to  a  system  of  classifica¬ 
tion  which  characterizes  certain  aquatic  organisms  ac¬ 
cording  to  their  structure  and  habits.  The  definition 
given  in  Webster's  Dictionary  is  as  succinct  and  ac¬ 
curate  as  any  definition  in  the  scientific  literature : 
"The  actively  swimming  pelagic  organisms.”  This 
imparts  to  the  nekton  some  characteristics  unique  in 
this  system  of  classification  of  living  things,  for  it 
describes  a  group  of  organisms  from  which  all  plants 
are  excluded  and  which  is  dominated  in  numbers  and 
biomass  by  fishes. 

The  nekton  of  estuaries  is  much  more  difficult  to 
define.  Most  fishes  are  migratory  and  can  tolerate 
wide  variations  in  salinity.  The  commonly  accepted 
definitions  of  an  estuary,  although  they  are  not  en¬ 
tirely  in  agreement,  describe  a  restricted  zone  which 
does  not  encompass  the  entire  geographic  or  environ¬ 
mental  range  of  most  nekton  found  in  estuaries.  Web¬ 
ster  (Second  Edition)  describes  an  estuary  as:  “A 
passage,  as  the  mouth  of  a  river  or  lake,  where  the  tide 
meets  the  river  current ;  more  commonly,  a  narrow- 
arm  of  the  sea  at  the  lower  end  of  a  river ;  a  frith.” 
Or  in  terms  of  physical  geography  (Webster.  Second 
Edition)  :  “A  drowned  river  mouth,  caused  by  the 
sinking  of  the  land  near  the  coast.”  Obviously,  the 
popular  concept  of  an  estuary  has  been  determined  on 
the  basis  of  physical  features.  Even  the  biologists 
have  accepted  this  concept,  ns  illustrated  by  the  defi¬ 
nition  given  in  a  recent  ecological  text  (Odum, 
1959  i  :  "An  estuary  is  a  river  mouth  where  tidal  ac¬ 
tion  brings  about  a  mixing  of  salt  and  fresh  water.” 

Most  definitions  of  an  estuary  are  based  on  two  sets 
of  criteria.  On  the  basis  of  mixing  of  water  from 
river  and  sea,  an  estuary  should  lie  delimited  ap¬ 
proximately  by  the  salinity  range  0  to  35  r/r.  This 
definition  is  narrowed,  however,  by  geographic  re¬ 
strictions  which  arc  related  only  remotely  to  the 
processes  that  create  estuarine  conditions.  This  does 
not  necessarily  fix  a  rigid  landward  boundary,  hut  it 
does  place  an  arbitrary  seaward  boundary  on  the  es¬ 
tuary.  represented  by  a  line  across  a  river  mouth,  like 
the  mouth  of  the  Columbia  River  on  the  west  coast  of 
North  America,  or  across  the  points  of  land  marking 
the  entrance  to  a  larger  estuarine  system  like  Chesa¬ 
peake  I’av  on  the  Atlantic  coast. 

This  system  of  classification  may  !>e  suitable  for 
sessile  organisms,  for  their  distribution  is  determined 
bv  average,  or  minimal,  environmental  conditions. 


Hut  for  actively  moving,  largely  euryhaline  animals 
like  fishes,  such  a  definition  is  not  particular)-  useful. 
It  is  not  necessary  to  cite  literature  references  to  call 
attention  to  the  fact  that  many  estuaries  extend  their 
influence  far  to  sea.  It  is  well  known  that  the  Ama¬ 
zon,  the  Mississippi,  the  Congo,  and  many  other  riv¬ 
ers  influence  the  marine  environment  for  many  miles 
offshore.  At  the  surface  the  horizontal  gradients  from 
fresh  water  to  oceanic  salinity  usually  are  fairly  grad¬ 
ual,  with  few  sharp  permanent  boundaries  or  fronts. 
Indeed,  in  most  estuaries  the  boundary  between  river 
water  and  ocean  water  usually  is  much  more  sharply 
defined  with  depth  than  along  the  surface.  The  sharp¬ 
est  surface  salinity  fronts  often  occur  in  the  ocean 
well  away  from  shore,  tinder  the  influence  of  the  rota¬ 
tion  of  the  earth  and  the  courses  of  the  great  perma¬ 
nent  ocean  currents. 

Usuailv  there  is  a  surface  salinity  front  within 
many  estuaries  near  the  upper  limit  of  the  estuarine 
zone.  Its  position  is  related  to  the  magnitude  of  the 
river  runoff  and  to  the  amplitude  of  the  tidal  cycle. 
In  a  large  estuarine  system  like  Chesapeake  Bay,  this 
front  usually  occurs  at  salinities  well  below  18  %0. 
Massmann  ( 1963)  has  described  this  as  the  “critical 
zone"  of  an  estuary,  rich  in  adults,  but  especially  in 
young,  of  many  fish  species,  and  with  abundant  plank¬ 
ton  populations.  This  is  a  fluctuating  Iwundary,  also, 
with  respect  to  fixed  geographic  points,  for  its  geo¬ 
graphical  position  and  its  gradient  depend  on  the  in¬ 
teraction  of  opposing  and  fluctuating  forces. 

It  is  not  surprising  that  man.  a  land  animal,  should 
view  the  ocean  in  the  context  of  a  system  of  land- 
based  coordinates.  The  definitions  of  an  estuary  cur¬ 
rently  in  vogue  were  determined  largely  by  geogra¬ 
phers.  Yet  many  leading  oceanographers  also  prefer 
a  relatively  restricted  definition,  like  that  expressed 
by  Cameron  and  Pritchard  ( 1963)  :  “An  estuary  is  a 
semi-enclosed  coastal  lxxiy  of  water  having  a  free 
connection  with  the  open  sea  and  within  which  the 
sea-water  is  measurably  diluted  with  fresh  water  de¬ 
riving  from  land  drainage."  For  many  purposes  this 
is  a  reasonably  satisfactory  view.  To  understand  the 
distribution  and  migrations  of  nektonic  organisms, 
however,  the  only  logical  point  of  reference  is  a  sys¬ 
tem  of  oceanographic  coordinates  which  make  allow¬ 
ance  for  the  fact  that  the  estuarine  environment  is 
highly  variable  with  respect  to  fixed  points  on  land. 
Our  present  knowledge  is  quite  inadequate  to  describe 


581 


582 


estuaries:  fisheries 


these  coordinates  precisely,  but  our  understanding  of 
the  biology  of  nekton  will  be  imperfect  until  we  can 
do  so. 

THE  NKKTONIC  ESTUARY 

It  is  interesting  to  consider  the  estuarine  environ¬ 
ment  of  the  North  American  Continent  as  a  zone 
bounded  by  salinity  fronts  rather  than  by  land  bar¬ 
riers.  On  the  Atlantic  coast  the  Gulf  Stream  immedi¬ 
ately  becomes  important  as  the  seaward  boundary.  A 
roughly  tiiangular  area  bounded  by  the  coastline,  the 
Gulf  Stream,  and  the  Arctic  seas,  extending  north¬ 
eastward  from  Cape  Hatteras,  becomes  a  part  of  the 
Northwest  Atlantic  Estuary  (Fig.  1).  South  of  Cape 
Hatteras,  in  the  South  Atlantic  Bight,  land  drainage 
is  rather  thoroughly  mixed  with  oceanic  water  before 
it  leaves  the  landbound  estuaries  and  the  extensive 
system  of  channels  between  the  mainland  and  the 
coastal  chain  of  islands.  Consequently,  there  is  no  ex¬ 
tensive  offshore  estuarine  zone  over  the  continental 
shelf  in  this  region.  North  of  Cape  Hatteras  the  off¬ 
shore  estuarine  system  must  be  described  in  three 
dimensions,  because  there  is  a  more  or  less  horizontal 
front  beneath  the  surface  which  is  even  more  sharply 
defined.  When  the  third  dimension  is  brought  into 
consideration  the  Northwest  Atlantic  Estuary  be¬ 
comes  a  vast  lens  of  brackish  water,  extending  to  the 
bottom  only  near  the  shore,  and  underlain  by  a  wedge 
of  water  of  oceanic  characteristics. 

Off  the  Pacific  coast  of  North  America  an  estuarine 
system  of  even  more  gigantic  proportions  emerges 
under  this  definition.  Many  large  rivers  pour  fresh 
water  into  the  Bering  Sea,  Gulf  of  Alaska,  and  coastal 
areas  of  the  Pacific  Northwest.  The  Yukon  River; 
the  river  systems  draining  into  Bristol  Bay ;  the  many 
rivers  of  rainy  Central  and  Southeastern  Alaska ;  the 
Nass,  Skeetia,  Fraser,  and  many  other  rivers  of 
British  Columbia:  the  Columbia,  Sacramento,  and 
other  rivers  of  the  United  States  coast  all  contribute 


to  the  greatest  estuarine  system  in  the  world.  This 
lens  of  low-salinity  water  extends  across  the  entire 
Bering  Sea  and  North  Pacific  Ocean  to  the  shores  of 
Kamchatka  and  Sakhalin  where  it  is  fed  by  large 
Asian  rivers.  It  dips  to  a  point  southwest  of  the  en¬ 
trance  of  San  Francisco  Bay  on  our  west  coast  and 
extends  to  the  subarctic  boundary  in  mid  Pacific, 
reaching  south  almost  to  40'  N.  latitude.  Under  this 
definition  the  entire  North  Pacific  Ocean,  northward 
front  40*  to  45*  N.  latitude,  is  an  estuary.  This  has 
already  been  recognized  by  Tul'y  ;  ■  1  Barber  ( 1960). 

Parts  of  the  Gulf  of  Mexico  also  have  estuarine 
characteristics.  The  great  flow  of  the  Mississippi 
River  system,  veering  to  the  westward  as  it  leaves  the 
delta  under  the  influence  of  the  earth’s  rotation,  cre¬ 
ates  a  lens  of  brackish  water  over  much  of  the  north¬ 
western  Gulf.  The  influence  of  the  northwesterly 
flowing  equatorial  current,  which  carries  oceanic 
water  of  relatively  high  salinity  into  the  Gulf,  restricts 
the  offshore  estuarine  zone  in  the  Gulf  to  a  surpris¬ 
ingly  narrow  band,  considering  the  gre.it  flow  of  the 
Mississippi  River.  It  is  obvious  that  Mississippi 
River  water  and  other  land  drainage  into  the  Gulf  of 
Mexico  must  mix  rather  rapidly  with  oceanic  water 
flowing  into  the  Gulf  from  the  Caribbean  Sea  and 
leaving  again  through  the  Strait  of  Florida.  The 
relatively  small  influence  that  this  great  river  has  on 
the  waters  of  the  Gulf  can  be  understood  when  the 
magnitude  of  the  two  flows  is  considered.  The  total 
transport  through  the  Yucatan  Channel  is  about  26  X 
10*  cubic  meters  per  second  (Sverdrup  ct  at.,  1942). 
The  average  runoff  into  the  Gulf  of  Mexico  is  about 
8 77  cubic  kilometers  per  year  (Fleming  and  Elliott, 
1956)  or  about  28  X  103  cubic  meters  per  second,  only 
about  one-tenth  of  one  percent  of  the  total  oceanic 
flow  through  the  Gulf.  A  simple  calculation  will  dem¬ 
onstrate  that  if  ail  the  freshwater  runoff  from  the 
North  American  Continent  into  the  Gulf  were  mixed 
thoroughly  with  the  oceanic  water  entering  the  Gulf 


Fig.  1.  Offshore  estuarine  zones  oi  the  world  ocean  bounded  by  the  3."  5  '/„  isohaliiie. 
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through  the  Yucatan  Channel  and  flowing  out  through 
the  Florida  Strait,  it  would  reduce  the  salinity  by  less 
than  0.04%6, 

The  roughly  triangular  temperate  oflshore  estu¬ 
arine  zone  in  the  western  North  Atlantic  is  continuous 
with  a  body  of  subarctic  estuarine  water  off  the  Lab¬ 
rador  coast  and  in  Hudson  and  James  Bays.  Thus, 
there  are  three  major  estuarine  zones  off  the  coasts  of 
North  America,  the  vast  North  Pacific  zone,  an  ex¬ 
tensive  Northwest  Atlantic  zone,  and  a  smaller  zone 
in  the  northern  Gulf  of  Mexico  (  Fig.  1).  Contigu  ; 
with  the  North  Pacific  estuary  is  an  extensive  estu¬ 
arine  zone  that  lies  in  an  apparently  continuous  band 
from  the  Okhotsk  Sea  along  the  coasts  of  Korea, 
China,  and  Southeastern  Asia  into  the  Bay  of  Bengal. 

In  the  eastern  tropical  Pacific,  a  tongue  of  relatively 
low  salinity  surface  water  extends  in  a  very  thin  layer 
more  than  a  thousand  miles  westward  from  a  stretch 
of  coast  off  Central  and  South  America.  The  sur¬ 
prising  extent  of  this  body  of  relatively  low-salinity 
water,  in  a  region  that  has  no  major  livers,  is  ex¬ 
plained  by  the  local  climate  and  oceanic  circulation. 
The  fresh  water  that  generates  this  offshore  estuary 
arises  principally  from  two  sources,  land  drainage 
into  the  sea  along  at  least  1.000  miles  of  coast  from 
HI  Salvador  to  Kcuador,  and  the  direct  effects  of  pre¬ 
cipitation.  The  discharge  of  these  rivers  closely  fol¬ 
lows  the  seasonal  cycle  of  rainfall,  with  a  minimum  in 
April  or  May  and  a  maximum  in  October  or  Novem¬ 
ber.  The  flow  of  the  Kio  Tempisque,  Costa  Rica,  in 
1952  ranged  from  about  2.500  cubic  feet  per  second  in 
October  to  about  300  cubic  feet  per  second  in  April. 
The  average  amount  of  fresh  water  contributed  to  the 
Gulf  of  Nicoya  directly  by  precipitation  is  estimated 
at  5,670  cubic  feet  per  second  (Peterson,  1960).  Thus, 
from  this  small  gulf  alone,  the  average  contribution  of 
fresh  water  to  the  sea  probably  is  at  least  7,000  cubic 
feet  per  second.  An  even  greater  body  of  low  salinity 
water  apparently  originates  in  the  Gulf  of  Panama 
(Bennett.  1963).  If  the  entire  stretch  of  coast  from 
HI  Salvador  to  Kcuador  contributes  equivalent  amounts 
of  fresh  water  to  the  sea,  the  average  total  runoff  in 
this  region  will  amount  to  about  300,000  cubic  feet  per 
second,  about  half  the  flow  of  the  Mississippi  River. 
The  prevailing  currents  in  this  part  of  the  Pacific 
Ocean  are  conducive  to  comergence  of  this  broadly 
based  runoff  and  attenuation  toward  the  west  <  Fig. 
2l.  Peterson  (I960)  notes  that  the  Gulf  of  Nicoya  is 
a  positive  estuary,  at  least  from  May  to  Decemlter,  for 
land  drainage  plus  precipitation  exceeds  evaporation 
during  this  period.  Moreover,  at  such  times  there  is 
entrainment  of  water  from  Inflow  as  the  runoff  moves 
seaward.  Therefore,  in  order  to  maintain  the  salinity 
distribution,  a  compensatory  flow  of  dee|>cr  saline 
water  must  enter  the  Gulf.  This  is  the  typical  circula¬ 
tion  pattern  of  an  estuary  like  the  subarctic  region 
of  the  North  Pacific  (Tullv  and  Barlier,  I960).  The 
detailed  dynamics  of  this  Central  American  offshore 
estuary  is  not  well  understood.  It  is  likely  that  it 
varies  considerably  in  extent  in  res|>onse  to  variations 
in  precipitation  (Bennett,  1966).  Such  a  lack  of  sta- 


Fig.  2.  Mean  annual  excess  of  evaporation  over  precipi¬ 
tation  in  the  North  Pacific  Ocean  (After  Jacobs,  1951). 
The  shaded  zones,  where  precipitation  exceeds  evapora¬ 
tion,  correspond  closely  with  the  two  major  offshore  estu¬ 
arine  zones  in  the  eastern  Pacific  (Fig.  1).  The  difference 
in  the  western  Pacific  from  the  pattern  exhibited  in 
Fig.  1  is  related  to  the  distribution  of  cui  rents. 

bility  would  have  adverse  effects  upon  «ts  estuarine- 
dependent  nekton. 

In  the  northeastern  Atlantic  the  only  extensive  es¬ 
tuarine  system  includes  the  Baltic  Sea,  the  southeast¬ 
ern  part  of  the  North  Sea,  and  a  narrow  band  off  the 
Norwegian  coast.  In  the  tropical  Atlantic  there  are 
three  offshore  estuaries,  one  off  the  mouth  of  the 
Amazon,  a  second  off  the  mouth  of  the  Niger  and 
Congo  Rivers,  and  a  third  off  the  West  Coast  of 
Africa  from  Senegal  to  Liberia.  This  third  offshore 
estuary  is  not  fed  by  any  major  rivers.  It  probably  is 
generated  bv  a  set  of  circumstances  similar  to  the  cli¬ 
matic  and  oceanographic  phenomena  that  give  rise  to 
the  offshore  estuarine  zone  in  the  tropical  eastern  Pa¬ 
cific  off  Central  America.  Much  greater  and  more 
concentrated  flows  from  streams  like  the  Magdalena, 
Orinoco,  Nile,  Kuphrates,  Zambezi,  and  other  major 
world  rivers  create  insignificant  offshore  estuaries 
liecause  prevailing  ocean  currents  oppose  the  accumu¬ 
lation  of  fresh  water  at  the  surface,  or  because  evap¬ 
oration  and  mixing  quickly  dissipate  land  drainage. 

The  Southern  Hemisphere  is  remarkably  devoid  of 
offshore  estuarine  waters.  The  only  exceptions  are  a 
zone  surrounding  the  southern  end  of  South  America, 
extending  from  the  south  coast  of  Chile  around  Tierra 
del  Fuego  and  north  along  the  southern  coast  of  Ar¬ 
gentina,  and  a  band  around  the  Antarctic  Continent. 

Many  other  estuaries  exis’  in  the  world,  but  appar¬ 
ently  none  extends  its  influence  far  to  sea.  Most  of 
the  world's  major  river  systems  flow  into  the  regions 
designated  as  offshore  estuaries  (Fig.  1),  but  there 
are  some  notable  exceptions.  With  few  exceptions  the 
offshore  estuarine  zones  are  in  regions  where  pre¬ 
cipitation  exceeds  evajmration.  Almost  all  major  riv¬ 
ers  which  do  not  contribute  to  substantial  estuarine 
areas  enter  the  sea  in  latitudes  where  evaporation  ex¬ 
ceeds  precipitation.  These  rivers  include  the  Nile. 
Zaniliezi,  and  Orange  Rivers  in  Africa;  the  Indus, 
Kuphrates,  Tigris,  and  Narbada  Rivers  in  Asia;  the 
Darling  and  Murray  Rivers  in  Australia;  and  the 
Colorado  River  in  North  America.  On  the  other 
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hand,  at  least  35  of  the  50  major  world  rivers  flow 
into  the  zones  marked  as  offshore  estuarine  zones  in 
Figure  I. 

Many  of  the  major  rivers  of  the  world  empty  into 
the  Arctic  Ocean.  Southward  flow  of  this  water  into 
the  North  I’acilic  and  North  Atlantic  must  contribute 
substantial  quantities  of  fresh  water  to  the  two  major 
offshore  estuaries. 

Any  attempt  to  describe  the  distribution  and  inter¬ 
mingling  of  land  drainage  in  the  ocean  is  quickly 
handicapi>ed  by  a  lack  of  information.  The  runoff 
from  even  the  Amazon,  the  world's  greatest  drainage 
system,  is  poorly  known.  Studies  in  1963  by  scientists 
of  the  United  States  Geological  Survey,  in  coopera¬ 
tion  with  the  Government  of  Brazil,  have  improved 
our  knowledge  (W.  B.  Langbein,  personal  communi¬ 
cation),  but  these  observations  were  made  hundreds 
of  miles  upstream,  and  did  not  include  the  flow  of 
three  major  and  many  lesser  tributaries.  The  flow  of 
many  important  world  rivers  has  never  been  gauged. 

The  general  distribution  of  surface  salinity  in  the 
world  ocean  is  influenced  primarily  by  precipitation, 
evaporation,  and  the  effects  of  the  major  currents. 
From  north  to  south,  and  averaged  for  the  entire 
world  ocean  ( Defant,  1961),  surface  salinity  rises 
from  a  minimum  in  the  Arctic  regions  ( 32.66  %t  be¬ 
tween  55°  and  60°  N.  latitude)  to  a  maximum  of 
3576  %c  between  25°  and  30°  N.  latitude,  falls  to  a 
minimum  in  the  tropics  (34.43  %c  between  5°  and  10° 
N.  latitude),  rises  to  a  maximum  between  20°  and 
25°  S.  latitude,  and  falls  again  toward  Antarctica 
(33.96  ’it  between  50°  and  55°  S.  latitude).  This  dis¬ 
tribution  corresponds  very  closely  to  the  distribution 
of  the  mean  sum  of  evaporation  and  precipitation, 
which  shows  excess  precipitation  in  the  Arctic,  the 
tropics,  and  the  Antarctic,  and  excess  evaporation  in 
mid-latitudes  at  alxmt  20°-25°  N.  latitude  and  20°- 
25°  S.  latitude.  The  offshore  estuarine  zones  illus¬ 
trated  in  Figure  1  fall  almost  entirely  in  the  arctic  or 
subarctic,  and  tropical  regions,  characterized  by  rela¬ 
tively  low  mean  ocean  salinities  and  an  excess  of  pre¬ 
cipitation  over  evaporation. 

Seasonal  and  annual  variations  in  land  drainage  are 
tremendous,  and  we  know  that  these  variations  have 
ini|xirtnnt  effects  on  estuarine  life.  We  can  only 
s|KVulate  on  the  biological  effects  of  such  variations 
in  the  open  sea.  but  they  must  have  a  great  influence 
on  the  movements  and  abundance  of  nekton,  especially 
fishes.  Our  understanding  of  these  relationships  will 
require  improved  knowledge  of  the  details  of  the 
earth's  water  budget  and  of  the  behavior  of  estuarine 
nekton. 

ADAPTATIONS  FOR  NKK TONIC  FXISTF.NCT 

The  term  "nekton"  identifies  one  group  of  organ¬ 
isms  in  an  ecologically  oriented  system  of  classifica¬ 
tion  of  aquatic  life  based  on  form  or  habits  The 
benthos  is  cimqioscd  of  plants  and  animals  attaches!  to. 
or  resting  on.  the  Imttom.  or  more  or  less  buried  in 
the  bottom.  Periphyton  or  aufwuchs  includes  organ¬ 
isms  that  are  attached  or  cling  to  stem-  ami  leaves  of 


plants  or  other  surfaces  projecting  above  the  bottom. 
Plankton  are  usually  small  animals  and  plants  which, 
although  they  may  lie  able  to  swim  to  some  extent, 
and  can  maintain  or  change  their  position  lietween 
surface  and  liottom,  essentially  drift  passively  with  the 
currents.  Neuston  includes  those  organisms  which 
rest  or  swim  on  the  surface.  In  the  marine  environ¬ 
ment  a  simplified  classification  often  L  used:  benthic 
life  includes  the  lienthos  and  periphyton ;  pelagic 
forms  include  the  nekton,  plankton,  and  relatively  un¬ 
important  marine  neuston. 

To  these  living  organisms  might  be  added  a  sixth 
category,  tripton,  composed  of  detritus  of  biological 
origin  and  inorganic  particulate  matter.  The  role  of 
this  non-living  suspension  in  the  aquatic  environment 
is  not  well  understood  ( Krey,  1961).  It  certainly 
plays  an  important  role  in  marine  ecology,  especially 
in  the  inshore  estuarine  environment,  and  its  import¬ 
ance  to  estuarine  nekton  deserves  greater  attention. 

The  principal  adaptations  for  truly  nektonic  exist¬ 
ence  are  the  possession  of  swimming  organs,  a  smooth 
streamlined  laxly,  and  a  specific  gravity  reasonably 
close  to  that  of  the  surrounding  medium.  Most  fishes 
have  achieved  these  objectives  successfully  by  devel¬ 
oping  smooth,  terete,  flexible  bodies  covered  with 
mucus.  The  Ixxlies  of  most  fisnes  can  be  flexed  later¬ 
ally  but  not  vertically.  This  provides  propulsive  power 
which  allows  the  relatively  large  and  flexible  caudal 
fin  to  move  the  fish  forward.  Many  pelagic  fishes  are 
able  to  adjust  their  specific  gravity  by  controlling  the 
amount  of  gas  in  the  swim  bladder  and  can  maintain 
and  alter  their  equilibrium  and  direction  by  appro¬ 
priate  movements  of  the  median  and  paired  fins.  An¬ 
other  important  requirement  for  truly  nektonic  exist¬ 
ence  is  the  ability  to  extract  oxygen  at  a  relatively 
rapid  rate  from  the  surrounding  water.  The  gills  of 
fishes  are  well  adapted  to  this  nuxle  of  life,  which 
permits  active  and  sustained  movement. 

F  ishes  also  art  well  adapted  to  w  ithstand  the  rigors 
of  the  estuarine  environment.  Their  skin,  scales,  and 
coat  of  mucus  minimize  osmotic  changes  associated 
with  changes  in  salinity.  Their  capacity  for  active 
movement  allows  them  to  avoid  the  unfavorable  ef¬ 
fects  of  variations  in  -.ability,  temperature,  dissolved 
oxygen,  suspended  silt,  and  other  environmental  vari¬ 
ables.  Nevertheless,  the  tiny  young  of  many  marine 
species,  in  which  these  protective  mechanisms  appar¬ 
ently  are  not  well  developed,  migrate  m  large  tnnnliers 
to  water  of  very  low  salinity  in  estuaries,  where  they 
throe  It  is  generally  agreed  that  the  Ixiny  fishes 
originated  in  fresh  water  i  Rumor.  l‘M5f.  and  it  is 
understandable  that  the  young  are  more  tolerant  of 
low  salinity.  At  these  early  stages,  like  young  salmon, 
these  fishes  have  not  developed  salt-secreting  cells. 
June  and  Ch.imlierlin  <l'»58i  concluded  that  young 
menhaden  i  Hr,foortu i  lyrannus)  must  undergo  their 
early  development  in  waters  of  low  salinity.  Their  ex- 
IKTiments  showed  that  mortality  was  high  ami  devel¬ 
opment  altnormal  in  sea  water. 

Most  invertebrates  lark  this  precise  combination  of 
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invertebrates  that  rival  the  fishes  in  this  respect. 
Most  squids  have  firm,  terete,  smooth,  ,nd  relatively 
inflexible  bodies.  They  swim  by  quite  a  different  proc¬ 
ess,  however,  by  a  form  of  jet  propulsion  so  adapted 
that  they  can  move  backwards  as  well  as  forwards 
with  great  sjieed.  Squids  cannot  adjust  to  reduced 
salinities,  however.  They  arc  important  members  of 
the  oceanic  nekton  and  enter  the  offshore  estuary  in 
abundance  at  certain  places  and  times,  but  they  are 
not  typical  estuarine  animals. 

Another  molluscan  group  that  enters  the  nekton 
occasionally  is  the  scallop  family.  Normally  members 
of  the  l>enthos,  scallops  are  able  to  swim  short  dis¬ 
tances  by  convulsive  movements  of  the  two  valves  of 
the  shell.  Like  most  of  the  more  powerful  inverte¬ 
brates,  however,  they  are  prevented  from  adopting  an 
exclusively  nektonic  existence  by  the  presence  of  a 
heavy  exoskeleton,  which  is  necessary  for  attachment 
of  the  musculature. 

The  Crustacea  are  divided  into  two  subclasses,  Rep- 
tantia,  the  creeping  forms,  and  Natantia,  the  swim¬ 
mers.  Some  members  of  the  Reptantia,  although  they 
do  not  possess  true  swimming  organs,  are  able  to 
propel  themselves  through  the  water  out  of  contact 
with  the  bottom  for  limited  periods.  The  swimming 
crabs,  exemplified  by  the  commercially  important  blue 
crabs  of  the  Atlantic  and  Gulf  coasts  of  the  United 
States,  have  developed  this  capacity  to  a  remarkable 
degree.  This  has  been  achieved  by  a  modification  of 
the  fifth  pair  of  thoracic  legs  to  form  paddle-like 
swimming  organs,  with  powerful  muscles.  The  legs 
and  carapace  are  relatively  smooth,  slender,  and  light 
in  weight,  and  are  free  of  bulky  spines  and  protuber¬ 
ances.  Hy  reason  of  these  modifications,  these  crabs 
are  capable  of  swimming  off  the  bottom  for  extended 
pe.  iods  and  they  perform  extensive  seasonal  migra¬ 
tions. 

Other  Reptantia  capable  of  swimming  are  the  lob¬ 
sters,  characterized  by  the  American  1<  'ister  (lloma- 
rus  amcricanus)  of  New  Kngland  and  the  spiny  lob¬ 
sters  {Panulirus  spp.)  of  Florida  and  California. 
These  crustaceans  do  not  have  true  swimming  organs, 
but  can  propel  themselves  with  surprising  agility  by 
convulsive  movements  of  the  powerful  abdomen.  How¬ 
ever,  the  bulky  carapaces  and  heavy  spines  of  Panu- 
lirus  and  the  large  chelipeds  of  Ho  mans  are  not 
conducive  to  extended  movements  off  the  bottom,  and 
these  occasional  swimmers  can  hardly  I*  termed 
nektonic. 

Many  memliers  of  the  subclass  Natantia  arc  very- 
active  swimmers,  although  they  also  may  crawl  on. 
or  even  bury  in.  the  substrate.  Important  members  of 
this  group  are  the  shrimps,  some  of  which,  like  the 
penaeid  shrimps  of  the  South  Atlantic  coast  of  the 
United  States  and  the  Gulf  of  Mexico,  are  of  great 
commercial  importance.  These  shrimps  spawn  in  the 
ocean,  l>ut  the  tiny  young  soon  congregate  in  the  in¬ 
shore  estuarine  areas,  where  they  spend  several 
months  of  their  first  year  of  life.  The  pink  shrimp  of 
southern  Florida  ( Ponatus  duorarum ) ,  which  use  the 
estuarine  environment  of  the  Kverglades  as  a  nursery- 


ground,  have  been  shown  to  migrate  at  least  120  miles 
from  Florida  Bay  to  the  fish'ng  grounds  north  of  the 
Dry  Tortugas  (Costello  and  Allen,  1961).  During 
this  migration,  and  at  oilier  times,  ;hey  are  primarily 
nektonic. 

All  vertebrate  members  of  the  nekton  other  than 
fishes  are  limited  in  their  capacity  to  become  truly 
nektonic  by  the  need  to  come  to  the  surface  periodi¬ 
cally  to  breathe  air.  Whales  and  porpoises  have  been 
the  most  successful  in  adapting  to  aquatic  life.  They 
never  leave  the  w.  ter  and  can  remain  submerged  for 
surprisingly  long  periods,  but  they,  also,  must  return 
periodically  to  the  surface  to  obtain  oxygen.  Pinni- 
l»edes  also  have  become  well  adapted  to  life  in  the 
water.  They  do  need,  however,  to  return  to  land  to 
breed  and  ;otnt  spend  considerable  periods  resting  on 
land.  Seme  birds  have  developed  remarkable  capa¬ 
cities  to  dive  beneath  tne  surface  and  swim  under¬ 
water.  The  rhythmic,  organized  mass-feeding  move¬ 
ments  of  cormorants  are  particularly  interesting  ( Bar¬ 
tholomew,  1942).  Turtles  and  certain  snakes  also  can 
swr  beneath  the  surface  for  various  periods.  But 
birds,  turtles,  and  snakes,  like  all  air  breathers,  are 
not  permanent  members  of  the  nekton. 

Man  is  a  special  case.  His  capacity  for  learning  to 
swim  allows  him  to  become  a  temporary  member  of 
'he  nekton.  His  ability  to  think,  and  to  design,  build, 
and  operate  artificial  devices  for  catching  aquatic  ani¬ 
mals  makes  him  an  important  member  of  the  nektonic 
community.  By  reason  of  these  same  abilities  he  pos¬ 
sesses  a  tremendous  capacity  to  modify  the  nektonic 
environment.  Since  he  is  a  land-based  animal,  who 
lives  mainly  near  rivers,  lakes,  and  the  seacoast,  his 
influence  on  the  estuarine  environment  is  particularly 
important.  Moreover,  as  already  pointed  out,  his 
rapidly  increasing  numbers  and  evolving  technology- 
are  causing  him  to  exert  an  ever-increasing  influ¬ 
ence  on  the  physical  and  chemical  envii  mment  and  on 
the  nekton  as  a  whole. 

THK  KSTUARINE  ENVIRONMENT 

In  the  enclosed  or  land-bound  jiortion  of  the  estu¬ 
ary,  estuarine  water  usually  can  be  considered  as  ex¬ 
tending  to  the  liottom.  This  is  esjiecially  true  in  estu¬ 
aries  where  strong  tidal  mixing  usually  prevents  the 
formation  of  a  -harp  vertical  salinity  gradient.  In 
some  estuaries  like  Chesajicakc  Bay.  however,  a  pro¬ 
nounced  salinity  front  exists  between  the  surface  and 
the  bottom,  and  the  environments  above  and  below 
this  iKiundary  may  differ  sharply.  The  zone  of  sharp 
transition  is  known  as  the  level  of  no  net  motion 
(Pritchard,  1**51,  P>52a ).  Above  this  level  the  water 
is  relatively  low  in  salinity  and  has  a  net  transport 
toward  the  sea.  Below  this  level  the  water  is  denser 
and  saltier,  with  a  net  transport  up  the  estuary.  This 
deeper  water  also  is  diluted  to  some  extent  by  fresh 
water  from  the  land,  and  its  salinity  is  reduced  gradu¬ 
ally  as  it  moves  up  the  estuary. 

In  the  offshore  estuary  the  salinity  of  the  deeper 
water  usually  is  the  same  as,  or  not  much  less  titan, 
the  salinity  of  the  surface  water  of  the  open  orean 
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Fig.  J  Typical  distribution 
in  Chesaiicake  Bay. 


salinity 


of  Cape  Hatteras  (Joseph  cl  al.,  1960).  Apparently, 
the  Gulf  Stream  interposes  a  barrier  at  this  point,  and 
little  if  any  of  the  low-salinity  surface  water  passes 
farther  south.  Instead,  it  turns  to  the  northward  and 
follows  the  inshore  edge  of  the  Gulf  Stream. 

The  effect  of  the  earth's  rotation  is  shown  in  the 
surface  salinity  patterns  of  the  inshore  estuaries  also. 
In  Chesapeake  Bay,  for  example,  the  northerly  flow¬ 
ing  water  from  the  sea  is  diverted  toward  the  eastern 
side  of  the  Bay  and  the  southerly  flowing  river  runoff 
holds  to  the  western  side.  This  produces  a  pro¬ 
nounced  surface  salinity  gradient  across  the  Bay, 
especially  in  its  lower  part  (Fig.  3).  Measurable 
average  salinity  gradients  exist  across  the  major  trib¬ 
utaries  also,  with  the  higher  salinity  on  the  left  side  of 
the  estuary  looking  downstream.  Even  the  depth  of 
the  level  of  no  net  motion  is  affected.  Careful  meas¬ 
urements  have  shown  that  this  boundary  is  deeper  on 
the  right  side  of  tile  tributaries  of  the  Chesapeake 
(Pritchard,  1952b).  These  general  principles  will 
apply  to  the  structure  and  circulation  of  estuaries  in 
other  parts  of  the  world  ocean  also.  It  should  lie  re¬ 
membered,  of  course,  that  the  rotation  of  the  earth 
causes  the  flow  to  veer  to  the  right  in  the  Northern 
Hemisphere  and  to  the  left  south  of  the  Equator.  On 
the  west  coasts  of  the  continents  in  the  Northern 
Hemisphere,  this  throws  river  runoff  to  the  north. 

In  the  North  Pacific  the  details  of  the  structure  and 
circulation  of  the  offshore  estuary  are  better  under¬ 
stood  (Dodimead  cl  at.,  1963).  Dodimead  (1961), 
using  the  salinity  structure  to  define  major  oceano¬ 
graphic  regions  in  the  North  Pacific,  described  sub¬ 
arctic  water  on  the  basis  of  the  presence  of  a  well- 
developed  halocline  (  Fig.  4).  The  boundary  between 
subarctic  and  subtropic  waters  is  identified  by  an  al¬ 
most  vertical  34  ,,  isohaline  extending  from  the  sur¬ 
face  to  depths  of  200  to  400  meters.  This  boundary, 
at  the  surface,  corresponds  rather  closely  with  the 
northern  edge  of  the  North  Pacific  Drift.  In  the  sub¬ 
arctic  region  a  permanent  halocline  exists  at  a  depth 
lietween  100  and  200  meters  and  at  a  salinity  of  about 


surface 


lievond  the  estuarine  salinity  front.  Details  of  the 
horizontal  and  vertical  circulation  are  less  well  under¬ 
stood.  but  evidence  is  accumulating  in  the  North  At¬ 
lantic  that  there  is  an  onshore  trnnsjiort  of  water  near 
the  bottom  from  as  far  out  as  the  edge  of  the  conti¬ 
nental  shelf,  as  there  is  in  the  North  Pacific  ( Tully 
and  Barber.  I960)  and  in  the  eastern  tropical  Pacific 
(Peterson,  I'M)).  The  outflowing  surface  water  of 
reduced  salinity,  under  the  influence  of  the  earth's 
rotation,  is  diverted  to  the  right  as  it  leaves  the  mouth 
of  the  landbotmd  estuarine  zone  in  the  Northern 
Hemisphere.  Hence,  the  surface  water  leaving  Chesa¬ 
peake  Bay  flows  south  along  the  coast  in  the  direction 
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Fig  4  Typical  cross  sections  of  the  lens  of  low  salinity 
water  which  forms  the  vast  Ni»rth  Pacific  offshore  estu¬ 
ary  i  Afier  Dodimead  cl  al..  1963). 
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33.8  As  already  mentioned,  Tullv  and  Barber 
(1%0)  recognized  in  this  salinity  structure  the  fea¬ 
tures  of  a  simple  estuarine  system. 

The  great  abundance  and  widespread  distribution 
of  anadromous  fishes  in  the  Northern  Hemisphere, 
particularly  in  temperate  and  subarctic  waters  of  the 
North  Pacific  and  northwestern  Atlantic,  probably 
are  related  to  this  extensive  development  of  oceanic 
estuaries.  The  long  migrations  of  Pacific  salmons  be¬ 
come  somewhat  less  of  a  mystery  if  it  is  conceded  th.it 
they  never  entirely  leave  the  influence  of  their  home 
streams.  Their  great  abundance  undoubtedly  can  tie 
attributed  at  least  partially  to  the  vast  extent  and  high 
biological  productivity  of  their  offshore  estuarine 
feeding  grounds.  Shad  ( Alosa  sapidissima),  intro¬ 
duced  on  the  Pacific  coast  three-quarters  of  a  century 
ago,  are  still  increasing  in  abundance.  There  is  good 
reason  to  believe  that  already  this  species  is  more 
abundant  in  the  Pacific  than  in  the  Atlantic.  If  its 
oceanic  feeding  grounds  are  more  extensive  in  the 
Pacific,  as  Figure  1  suggests,  this  superiority  in  nutn- 
liers  is  not  surprising.  Striped  bass  (Koccus  saxa- 
lilis)  probably  are  prevented  by  temperature  barriers 
from  utilizing  much  of  the  offshore  estuary  in  the 
North  Pacific.  Figure  1  also  suggests  that  it  would 
be  folly  to  expect  successful  establishment  of  Pacific 
salmons  or  other  wide-ranging  anadromous  species  in 
the  Southern  Hemisphere  in  any  great  abundance, 
except  perhaps  along  the  southern  coasts  of  Chile  and 
Argentina. 

Salinity 

At  any  fixed  point  in  the  inshore  estuary  great 
changes  in  salinity  occur.  These  changes  have  a 
greater  influence  on  sessile  or  slowly  moving  organ¬ 
isms  than  they  do  on  nekton,  but  the  nekton  some¬ 
times  is  affected,  too.  Rapid  salinity  changes,  of 
course,  are  caused  primarily  by  variations  in  rainfall 
or  in  the  rate  of  melting  of  snow.  The  direct  effects 
of  precipitation  are  perhaps  of  little  importance  to 
nekton,  but  the  indirect  effects  can  be  great.  The 
major  estuaries  of  the  world  receive  runoff  from  vast 
areas  of  land.  The  drainage  basin  of  the  Mississippi 
River  system,  for  example,  covers  an  area  of  almost 
1.25  million  square  miles.  This  is  about  13  percent  of 
the  total  area  of  the  North  American  Continent.  The 
mean  flow  of  the  Mississippi  and  its  tributaries  is 
about  620,000  cubic  feet  per  second  ( 1-angbein  and 
Harhcck,  1949)  and  the  recorded  maximum  of  about 
1.9  million  cubic  feet  was  more  than  30  times  the 
minimum.  The  Amazon  River  system,  the  greatest 
drainage  basin  in  the  world,  covers  an  area  of  about 
2.7  million  square  miles,  about  40  percent  of  the  en¬ 
tire  area  of  South  America.  The  flow  of  this  mighty 
river  still  has  not  been  adequately  measured,  but  some 
concept  of  its  size  may  be  gained  from  the  fact  that 
one  of  its  major  tributaries,  the  Rio  Negro,  has  a  vol¬ 
ume  of  nearly  2.4  million  cubic  feet  per  second  where 
it  enters  the  main  river.  Thus,  this  tributary,  which 
enters  the  Amazon  1.000  miles  upstream  from  the  sea. 
contrilmtes  more  water  than  the  entire  Mississipi 


system  (Office  of  International  Scientific  Affairs, 
1964).  Flow  measurements  of  the  Amazon  proper 
also  were  made  far  upstream.  When  the  contributions 
of  tributaries  like  the  Tocantins,  Tapajos,  and  Xingu 
Rivers,  which  enter  the  Amazon  lower  down,  are 
added,  there  is  little  doubt  that  the  volume  of  dis¬ 
charge  into  the  Atlantic  Ocean  under  flood  conditions 
will  be  at  least  8  million  cubic  feet  per  second,  more 
than  four  times  the  flow  of  the  entire  Mississippi 
system  at  flood  stage.  The  low-water  measurement  of 
the  flow  of  the  Amazon,  also  made  well  upriver,  above 
its  confluence  with  several  important  tributaries,  was 
uliout  2.5  million  cubic  feet  per  second.  Variations  in 
precipitation  and  runoff  tend  to  be  seasonal,  but  there 
are  often  sudden  great  changes.  The  passage  of  a 
major  storm  over  the  watershed  can  have  catastrophic 
delayed  effects  on  marine  life  in  the  estuary  when  the 
maximum  effect  of  runoff  from  the  heavy  rains  is  felt. 

Temperature 

Salinity  gradients  are  not  the  only  inqiortant  fea¬ 
tures  of  the  estuarine  environment,  although  it  can  be 
said  that  intermediate  salinities  are  the  most  charac¬ 
teristic  feature.  Tenqierature  also  is  an  inqiortant 
characteristic.  The  level  of  tenqierature  is  inqiortant 
biologically,  because  respiration  and  osmoregulation 
of  animals  ( I’carse,  1950;  Pearse  and  Hunter,  1957) 
are  more  difficult  in  waters  of  reduced  salinity,  and 
these  processes  also  are  functions  of  temperature.  The 
effects  of  low  salinity  on  respiration  and  osmoregula¬ 
tion  are  less  adverse  at  high  temperatures.  This  has 
been  accepted  as  the  reason  why  southern  estuaries 
have  richer  faunas  than  northern  estuaries.  The  dif¬ 
ference  in  variety  of  fish  faunas  between  northern  and 
southern  estuaries  is  certainly  striking.  Such  tem¬ 
perature  effects  also  could  explain  the  migration  of 
many  fishes  out  of  estuaries  in  fall  and  winter. 

The  relatively  great  range  of  temperature  in  most 
estuaries  also  has  important  biological  effects.  The 
diurnal  tenqierature  range  in  a  shallow  estuary  is 
relatively  great  (Gunter,  1945;  Beaven,  1960),  for 
such  waters  are  quite  sensitive  to  changes  in  air  tem- 
|ierature.  In  the  lower  York  River,  at  Gloucester 
Point,  Virginia,  for  example,  at  a  point  where  the 
water  is  alxiut  5  feet  deep,  the  Ixittom  water  tempera¬ 
ture  can  vary  as  much  as  8*  F.  (4.4’  C.)  in  24  hours 
(McHugh,  1959a).  Relatively  large  vertical  tenqiera¬ 
ture  differences  also  occur.  In  summer  the  surface 
water  usually  is  much  warmer  than  the  deeper  layers, 
a  common  characteristic  of  all  natural  bodies  of  water. 
In  winter  the  deeper  waters  usually  are  warmer,  but. 
more  inqiortant  for  nektonic  organisms,  the  tempera¬ 
ture  is  relatively  stable  in  the  deeper  portions  of  the 
estuary.  There  are  inqiortant  lateral  gradients  in 
estuarine  water  temperature  also.  In  summer  the 
tenqierature  typically  decreases  from  the  upper  estu¬ 
ary  to  the  sea.  In  winter  the  gradient  is  reversed. 
The  gradients  and  clianges  in  water  temperature, 
rather  than  the  general  level  of  tenqierature,  have  the 
greatest  influence  on  estuarine  nekton.  Consequently, 
sudden  cold  waves  will  immobilize  or  kill  fishes  in 


588 


ESTUARIES  :  FISHERIES 


shallow  waters  at  temperatures  that  would  not  he 
lethal  if  the  fishes  were  properly  acclimated. 

Oxygen 

In  southern  estuaries,  especially,  large  variations 
in  dissolved  oxygen  content  of  the  water  occur.  These 
changes  can  have  great  effects  on  distribution  and 
abundance  of  nekton.  In  Che*a|>eake  Bay  large  vol¬ 
umes  of  water  beneath  the  halocline  become  com¬ 
pletely  devoid  of  dissolved  oxygen  in  late  summer. 
This  phenomenon  affects  a  large  area  in  the  middle 
portion  of  the  Bay  and  extends  at  times  for  miles  up 
the  i’iankatank,  Rappahannock,  Potomac,  and  Patuxent 
Rivets.  Its  occurrence  is  related  to  the  salinity  struc¬ 
ture  of  the  water  mass  and  the  prevailing  high  sum¬ 
mer  temperatures.  The  abundant  flora  and  fauna  of 
the  water  beneath  the  layer  of  no  net  motion  have  a 
high  oxygen  demand  which  the  natural  rate  of  oxygen 
replacement  is  not  sufficient  to  balance.  In  the  absence 
of  strong  winds  this  deep  water,  once  it  le-,,es  the 
surface  outside  the  mouth  of  the  Bay,  can  receive 
oxygen  only  by  the  very  slow  process  of  diffusion  or 
advection  from  above.  As  the  dissolved  oxygen  con¬ 
tent  of  these  waters  approaches  zero,  the  animals  must 
die  or  move  out.  The  only  organisms  that  can  sur¬ 
vive  are  those  that  do  not  require  oxygen,  like  an¬ 
aerobic  bacteria.  At  such  times  these  waters  contain 
hydrogen  sulfide.  Extensive  mortalities  of  blue  crabs 
in  fishermen’s  |x>ts  a*r  re|»orted  when  these  condi¬ 
tions  prevail,  but  it  is  not  known  whether  serious 
natural  mortalities  of  crabs  or  other  nekton  occur. 
Mass  fish  kills  occur  in  these  areas  at  these  and  other 
times  but  the  causes  are  difficult  to  trace.  There  is 
no  douht,  however,  that  these  conditions  drive  nek- 
tonic  forms  out  of  the  affected  areas  ami  effectively 
bhick  reentry  and  that  sometimes  fishes  may  lie 
trapiwd  iu  restricted  areas.  Thus,  substantia!  |>arts  of 
Chesapeake  Hay  and  some  of  its  tributaries  are  ren¬ 
dered  uninhabitable  for  fishes  in  late  summer.  The 
zone  most  seriously  affected  lies  below  the  halocline 
or  level  of  no  net  horizontal  water  movement,  hut  sub¬ 
stantial  oxygen  deficiencies  sometimes  extend  to  the 
surface.  Phis  undoubtedly  affects  the  distribution  and 
alnimlance  in  the  Bay  of  densely  schooling,  active 
fishes  like  menhailen. 

These  conditions  liecome  especially  acute  after  hur¬ 
ricanes  dr|M>sit  heavy  rains  over  the  area.  Heavy  run¬ 
off  from  the  land  washes  large  quantities  of  organic 
matter  into  the  water,  the  large  volumes  of  fresh 
water  increase  the  stability  of  the  water  column,  and 
the  high  summer  temperatures  s|>red  up  biological  ac¬ 
tivity.  In  August.  1955.  two  hurricanes  passed  over 
the  Chesapeake  Bay  area  within  a  week  of  each  other, 
with  total  precipitation  of  ahout  II  inches  (>n  Sep¬ 
tember  I.  1*155.  a  I  suit  ten  days  after  the  sec  raid  hur 
ricane.  at  a  station  24  miles  ahose  the  mswith  of  the 
Kapjiahanniwk  River,  the  salinity  gradient  from  sur¬ 
face  to  a  depth  of  Jll  feet  was  more  than  7  *»,  The 
houmUrv  between  the  two  water  masses  was  so  sharp 
that  the  salinity  at  this  station  rose  from  about  10  8 
at  a  ikq*th  of  12  5  feet  to  alxxrt  15.1  at  15  feet  At 


this  time  the  dissolved  oxygen  content  at  20  feet  Mow 
the  surface  was  less  than  8  ivcrcent  of  the  saturation 
value,  anil  zero  at  30  feet.  Typical  profiles  of  dis¬ 
solved  oxygen  content  in  the  Rapnahannock  River 
and  Chesapeake  Bay  in  late  summer  are  illustrated  in 
Figure  5. 

Similar  conditions  undoubtedly  prevail  in  other  es¬ 
tuaries  along  the  United  States  coast.  The  “jubilees” 
of  the  (iulf  of  Mexico  arc  caused  by  similar  phenom¬ 
ena.  Brongersma-Samlers  ( 1957)  described  similar 
conditions  which  caused  mass  fish  mortalities  in  Wal- 
vis  Bay  on  the  southwest  coast  of  Africa.  She  also 
cited  conditions  in  the  Sea  of  Azov  that  are  similar  to 
tile  phenomenon  in  Uhrsa|>rakr  Bay.  Reliable  quanti¬ 
tative  estimates  of  fish  mortalities  causer!  by  such 
natural  oxygen  deficiencies  arc  not  available.  More 
information  almut  the  quantitative  biological  effects 
of  these  phenomena  is  needed. 


Other  F actors 


Many  other  factors  undoubtedly  influence  the  dis- 
trihutiou.  abundance,  ami  migrations  of  nekton  in  es¬ 
tuaries.  Many  authors  have  |>ointed  out  that  nutrient- 
nch  waters  from  the  rivers  support  abundant  stocks 
of  food  organisms.  Others  have  said  that  these  re¬ 
stricted.  shallow  waters  afford  a  considerable  degree 
of  shelter  from  enemies.  But  it  is  difficult  to  escajie 
the  conclusion  that  we  really  know  very  little  aliout 
the  environment  in  which  estuarine  animals  live.  In 
planning  “env ironnimtal"  studies,  vve  have  matte  little 
progress  since  oceanographic  research  began.  Meas¬ 
urements  of  tniqieraturc.  salinity,  dissolved  oxygen, 
and  one  or  two  other  variables  usually  are  more  or 
less  standard  practice.  We  measure  "transjarcncy”, 
analyze  '  r  plnvsphatr,  and  measure  chlorophyll,  be¬ 
cause  these  are  known  to  reflect  certain  aspects  of 
biological  productivity.  Productivity  measurements 
by  the  light  and  dark  bottle  method,  and  more  recently 
by  carlxm-14  techniques,  are  frequently  a  |sirt  of  "en¬ 


vironmental”  studies 
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stressed  the  ini|K>rt;mce  of  the  ecological  "niche"  as 
compared  to  the  more  general  term  "habitat".  <  len- 
eral  mcasurments  of  environmental  characteristics, 
like  those  described  above,  are  only  of  limited  value 
in  describing  the  place  where  the  biological  commu¬ 
nity  resides.  By  themselves  these  measurements  do 
little  to  tell  us  why  a  variety  of  species  can  coexist  in 
certain  waters  yet  maintain  their  sfiecific  differences, 
or  why  abundance  and  distribution  vary  so  greatly. 
We  have  done  very  little  in  fishery  investigations  to 
understand  the  microclimate  in  which  each  s|>ecirs 
lives.  Vet  we  know  from  the  work  of  Hasler  ( 1958) 
and  many  others  that  fishes  have  acute  vision,  hear¬ 
ing,  and  olfactory  senses  by  which  they  can  orient 
themselves.  For  example,  fishes  ap|arently  arc  able 
to  discriminate  extremely  low  concentrations  of  cer¬ 
tain  dissolved  substances  in  the  water. 

Despite  the  fact  that  all  biologists  must  have  at 
least  an  elementary  knowledge  of  the  principles  of 
ecology,  a  clear  concejH  of  the  difference  between 
habitat  and  niche  has  not  been  demonstrated  in  many 
field  studies  of  fish  distribution  and  abundance.  The 
temptation  is  strong,  wlien  large  quantities  of  biologi¬ 
cal  observations  have  been  made  in  the  field,  accom- 
pamed  by  measurements  of  temperature,  salinity,  and 
|«crhaps  other  characteristics  of  the  surrounding  wa¬ 
ter,  to  search  for  correlations  between  physical  and 
biological  variables;  or,  if  concurrent  measurements 
of  physical  and  biological  phenomena  are  not  avail- 
aide.  physical  data  from  the  same  general  area,  col¬ 
lected  for  other  purjiosrs,  have  been  used.  Since  ap- 
l>arent  correlations  often  can  be  found  b/  successive 
trials  using  various  combinations  of  biological  and 
physical  data,  or  even  with  random  numbers,  it  is  not 
surprising  that  strong  and  apparently  statistically 
significant  correlation  can  be  derived  by  trial  and 
error  from  series  of  field  observations.  Now  that  elec¬ 
tronic  data  processing  facilities  are  so  readily  avail- 
aide.  it  can  hr  exjiected  that  the  search  for  correla¬ 
tions  may  increase.  The  fallacious  reasoning  that  un- 
•lerlies  such  attempts  to  find  relationships  lietween 
variables  arises  from  a  misunderstanding  of  the  na¬ 
ture  of  scientific  hy(>othese$  and  how  they  should  he 
testesi.  For  example,  it  often  is  argued  that  such  stud¬ 
ies  are  useful  in  determining  which  observations 
should  be  continued  ami  which  should  be  dropped. 
This  ignores  the  fact  that  mechanical  searching  for 
correlations  can  neither  demonstrate  nor  disprove 
cause  ami  effect  There  is  a  need  for  more  careful 
attention  to  research  planning  before  field  work  be- 
gm* 

\\  c  still  do  not  kn-  w  precisely  what  we  mean  by 
the  "environment'’  of  a  nektonic  individual  or  specie* 
there  I*  abundant  evidence  that  the  reactions  of  an 
<>rgani*m  to  it*  environment  and  the  influence  of  the 
cm  ironmrnt  on  the  organism  or  species  are  highly 
complex  t  hi  the  other  hand,  at  certain  times  unmis¬ 
takable  evidence  of  the  direct  and  profound  effects  of 
vmgle  factors  is  brought  forcibly  to  attention  Gunter 
<  l*M5)  has  reviewed  many  such  occurrences  along 
the  Florida  and  Texa*  coasts  of  the  Gulf  of  Mexico. 


which  sometimes  affect  the  future  success  of  fishing. 
Rrongersma-Sanders  ( 1957)  has  reviewed  the  litera¬ 
ture  on  mass  mortalities  of  nekton  in  estuaries  caused 
by  sudden  changes  in  salinity,  in  temperature,  in  dis¬ 
solved  oxygen  cont>  nt,  and  by  other  natural  phenom¬ 
ena.  These  catastrophic  single-factor  effects  occur 
because  the  organism  reaches  the  limit  of  its  tolerance 
for  that  particular  factor.  But  in  its  ordinary  rela¬ 
tions  with  its  environment,  it  is  virtually  certain  that 
the  animal  usually  is  integrating  the  effects  of  a  rela¬ 
tively  large  number  of  environmental  pressures,  prob¬ 
ably  reacting  to  each  in  different  ways  according  to 
the  strengths  of  the  other  stimuli.  The  spectacular  de¬ 
cline  in  abundance  of  tilefish  l  Lopkoiahltu  ikamad- 
contucpi)  in  the  northwestern  North  Atlantic  in  1882 
probably  was  an  example  of  a  catastrophic  single- 
factor  effect  i  Bigelow  and  Welsh,  1925).  Most  nat¬ 
ural  fluctuations  in  abundance  of  fishes  cannot  be  ex¬ 
pected  to  have  a  simple  cause.  Thus,  it  would  be  naive 
to  assume  that  variations  in  survival  of  fishes  to  com¬ 
mercial  sizes  could  lie  explained  adequately  in  terms 
of  variations  in  only  one.  or  even  several,  of  the  many 
variables  in  the  surrounding  medium,  even  if  we  knew 
what  variables  are  important  and  how  they  operate. 
This  question  deserves  much  more  careful  attention 
than  it  has  received  in  the  past.  Field  studies  must  be 
accompanied.  and  often  preceded,  by  controlled  lab¬ 
oratory  experiments. 

DISTRIBUTION  AND  AUUNDANCK 
OF  ESTUARINE  NEKTON 

Our  knowledge  of  the  distribution  and  abundance  of 
estuarine  nekton  conies  almost  entirely  from  two 
sources;  faunal  surveys  and  fishery  investigations. 
The  literature  is  extensive  and  it  would  not  be  prac¬ 
tical  to  attempt  a  thorough  review  here.  Many  com¬ 
prehensive  studies  of  the  fish  fauna  of  North  Ameri¬ 
can  coastal  areas  have  been  published.  Most  if  these, 
like  Jordan  and  F.vemiann  i  18**6-1900  i.  Clemens  and 
Wilby  1 1**61 1.  Barnhart  ( I"36),  and  Bigelow  and 
Welsh  i  I **25 ).  describe  the  entire  marine  fish  fauna 
ol  an  area  and  not  estuarine  species  specifically. 
Otliers.  like  Smith  1 1907),  Hildebrand  and  Schroeder 
i  l**2Ki,  and  Gunter  (  1941,  1945)  deal  with  the  fishes 
of  large  estuarine  systems.  Many  of  the  major  work* 
are  cited  at  appropriate  places  in  the  text,  and  these, 
together  with  their  literature  citations,  provide  an  ex¬ 
tensile.  although  by  no  meant  complete,  bibliography 
Many  <>{  the  mayor  faunal  surveys  include  abundance 
estimates,  but  the  best  estimates  of  absolute  abundance 
hate  been  derived  from  the  fisheries  or  from  scientific 
fishery  investigations.  Even  these  are  not  entirely 
satisfactory,  for.  by  their  very  nature,  nektonic  or¬ 
ganisms  are  difficult  to  sample  quantitatively.  Some 
at  the  best  estimates,  alth  ugh  they  measure  only  the 
mature  segment  of  a  populate n.  have  come  from  a 
knowledge  of  fecundity  and  raoiib  of  eggs  an  the 
spawning  grtxmd* 

According  In  Odum  t  I9f**i.  although  the  tndittd- 
ual  range  of  nekttm  may  be  great,  the  geographic 
range  of  a  species  may  be  less  than  that  of  many  in- 
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vertebrates.  Nevertheless,  some  estuarine  nektonic 
species  have  extensive  geographical  ranges.  The  Pa¬ 
cific  herring  l  Clufra  fallasu ) ,  for  example,  is  dis¬ 
tributed  more  or  less  continuously  from  tlie  Bering 
Sea  to  San  Diego  Hay,  a  range  of  about  28  degrees  of 
latitude  and  some  43  degrees  of  longitude.  In  a 
straight  line  between  northern  and  southern  limits, 
this  is  more  than  2,000  miles.  The  Atlantic  herring 
(C'/apea  kartngus)  also  has  a  wide  range,  from  the 
Arctic  to  temperate  waters,  and  from  one  side  of  the 
Atlantic  to  the  other.  Within  these  ranges,  however, 
both  species  are  divided  into  subpopulations  with  more 
restricted  ranges  lllcincke,  1898;  Kounsefell  1930; 
Tester.  1937.  1946;  McHugh,  1954;. 

Other  nektonic  estuarine  fishes  with  wide  ranges 
are  some  of  the  Pacific  salmons,  such  as  the  red  sal¬ 
mon  (Oncorkyntktu  ntrka  ).  Alaskan  red  salmon 
from  streams  flowing  into  Bristol  Bay  in  the  Bering 
Sea  have  been  caught  on  the  high  seas  at  least  as  far 
west  as  167*  K.  longitude,  not  far  from  the  east  coast 
of  Kamchatka,  and  chinuok  ami  steelhead  salmon  have 
been  shown  to  travel  even  farther,  from  upper  reaches 
of  the  Columbia  Kiver,  far  inland,  to  the  vicinity  of 
the  Aleutian  Islands,  a  distance  of  2.500  miles  l  llartt. 
I960).  Atlantic  menhaden  <  Bnvoortia  lyroxnus)  oc¬ 
cur  from  the  Nova  Scotia  coast  to  the  east  coast  of 
Florida,  a  range  of  at  least  16  degrees  latitude  and  15 
degrees  longitude  ( Gunter  and  Christmas,  I960;. 
Within  this  range  there  arc  apparently  at  least  two 
sub|>opulations  of  Brrfporlia  lyrannui  ( Sutherland, 
1963  >.  but  their  ranges  overlap  consideraldy. 

Other  widespread  nektonic  estuarine  s|«eies  of  the 
Atlantic  coast  of  North  America  extend  their  range 
into  the  Gulf  of  Mexico  and  perhaps  even  farther 
south  Probably  the  most  abundant  of  all  Atlantic 
fishes  is  the  hay  anchovy  ( .-fmknu  milrhtlh  t.  which 
ranges  !r<>m  the  Massachusetts  coast  to  the  Gulf.  This 
is  tlie  most  abundant  species  in  Chesapeake  Bay  ac¬ 
cording  to  Massniann  Inis  and  personal  communica¬ 
tion  >.  Although  this  is  a  small  anchovy,  which  in  the 
adult  stage  can  easily  slip  through  the  meshes  of  the 
trawl  used  by  Masstnann,  only  one  fish  species  was 
caught  in  greater  numbers  in  many  hau's  made  at  all 
seasons.  Gunter  t  1**41)  also  tound  that  this  anchovy 
i*  present  in  greater  tmenavs  than  any  otlier  sjxrvics  in 
the  estuarine  waters  of  tne  northern  pari  of  tile  « iulf 
>4  Mexico  Next  in  a  bun*  la  nee  are  the  meiiha'lcns. 
/tmwrlw  iyrM>«i  on  the  Atlantic  coast  and  B  fal- 
roati  anil  B  gunlm  in  he  Cali  Certain  abundant 
members  of  the  family  Sciamidac  have  a  similar  dis¬ 
tribution  The  Atlantic  croaker  1  V/ u- raffs; e*  mtuiu- 
i*Ji u  >  and  the  spot  i  /  ooit.'mu  ro/iaru  i  are 
perhaps  the  mw  abundant  mmtbrfs  oi  this  lamdy 
among  the  estuarine  nekton  «■  community  of  the  At¬ 
lantic  and  Gulf  coasts  of  North  .*  meric  a  They  range 
from  Massachusetts  to  Texas  and  support  important 
commercial  and  recreational  fisheries  from  New  Jer - 
ses  south  ■  .untrr  {  P*41  i  found  that  the  mullet 
•  JUnpsl  iY/Mu  i  was  the  third  most  abundant  species 
in  Texas, 

hoc  comparison,  the  fish  fauna  of  a  New  Kngland 


estuary  can  lie  citctl.  Stickncy  (  1959;  hstctl  the  more 
ini|x>rtant  nektonic  organisms  of  the  Shccp.scot  K.stu- 
ary  in  Maine.  He  did  not  give  the  nuniliers  of  fish 
caught,  liut  it  is  clear  that  herring-like  fishes  ami  rods 
were  ini|x>rtant.  hewer  s|>ecies  were  represented  in 
his  collections  than  in  collections  from  the  Cliesa|>eake 
or  the  Gulf,  ami  two  notable  differences  were  evident. 
Firstly,  the  Salmonidae,  which  are  absent  farther 
south,  were  important  members  of  tlie  estuarine  nek¬ 
ton  in  northern  New  Knglaml.  Two  s|>ecies  were 
represented,  the  Atlantic  salmon  (.Sufmo  solar)  and 
the  American  smelt  l  Usmcrus  mordos).  Secondly, 
the  croaker  family,  an  ini|Mirtant  group  in  southern 
Atlantic  and  Gulf  coast  estuaries,  was  apparently  rare 
or  alisent  along  tlie  New  Kngland  coast. 

hew  estuaries  of  the  types  so  common  along  the 
Atlantic  ami  l  lull  coasts  <4  the  United  States  are 
found  on  the  Pacific  coast  of  North  America.  The 
rivers  of  southeastern  Alaska  and  British  Columbia 
oiijity  into  deep  fiords  or  protected  inshore  waters 
created  by  a  liarrier  of  islands  and  peninsulas  that 
extend  almost  continuously  from  Puget  Sound  to 
Skagvvay,  Alaska.  Tidal  amplitmles  are  so  great  in 
this  region  that  the  inshore  waters  mix  rather  quickly, 
am!  the  estuarine  nekton  is  quite  different  from  that 
of  tlie  Atlantic.  In  other  |>arts  of  Alaska  the  major 
rivers  flow  into  f;ords  or  directly  into  the  sea.  The 
Columbia  Kiver  ami  other  streams  of  the  coasts  of 
Washington.  <  >regoii.  ami  California  have  very  small 
inshore  estuaries  or  flow  directly  into  tlie  sea.  San 
Francisco  Bay  is  I  lie  only  really  large  inshore  rstu 
arinc  body  of  water  on  tlie  entire  west  coast  of  North 
America,  ami  it  is  small  in  comparison  with  Delaware 
and  Chc-ai-cakc  Bays,  the  North  Carolina  sounds, 
ami  the  coastal  lagoons  of  Texas. 

Tlie  typical  native  estuanne  fishes  of  tlie  Pacific 
coast  are  anadrotnuus.  They  include  the  Pacific  sal 
moos  i  Oniorhym^kms,  Salnti>.  ami  Saltvliutts  >.  cer 
tain  smelts  of  the  family  Osmerulac.  lamprey*  il'ct- 
romy  zontiilac  i.  ami  sturgeons  i  Acipenseridae » .  The 
introduced  siiad  l  ,-llojo  safidusimo  i  and  strq>e«l  hass 
iHtH  t'nj  lo.toldts  t  are  well  established.  and  hoth 
>[>evies.  esjieeially  shad,  may  now  lie  more  .iliumGnt  in 
the  Pacific  than  they  are  in  their  native  Atlantic 
waters  Shad  are  liemg  caught  in  increasing  numtiers 
by  salimai  gill-net  fishermen  in  the  Fraser  Kivei 
i  tlcmros  ami  Wdhy.  l'*f>I  >.  ami  the  numl^rs  ascend 
mg  live  fishway  at  Bonneville  Dam  on  the  Columbia 
Kiver  now  are  close  to  half  a  milium  fish  a  year  I  1. 
K.  Perry,  prrsonal  communication V  The  rxtensive 
oflshorr  estuary  in  the  North  Pacific  is  a  vast  and 
rich  feeding  ground  which  obviously  contributes  to 
the  great  ahundancr  of  the  Pacific  salmons  of  the 
grows  (>»ccsek v«ck«j.  and  it.  perhaps,  also  could  sup 
port  larger  populations  of  shad 

In  fsluaties  like  San  Francium  Bay,  clupewwd 
fishe*  ami  shrimp  are  important  members  of  the  nek 
ton  An  interesting  method  of  collecting  nekton  in 
San  Francisco  and  San  Diego  Bays  is  5n  dip  fishes 
off  the  mngvmg  screens  that  protect  cooling  v.ates 
intakes  r'  the  power  and  light  companies  Surh  ceil 
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lections  have  shown  that  juveniles  of  several  marine 
s|>ecios  enter  these  enclosed  waters  at  tunes,  as  they 
do  on  the  Atlantic  coast  (  Herald  and  Simpson,  1955 ). 
The  most  abundant  tishes,  in  decreasing  order  of  toH 
tiumlicrs  caught  in  248  collections  front  the  intake  in 
San  Francisco  Hay,  were:  surfjterches  (Kmbiotoci- 
dae,  111  species),  many  thousands;  scutpins  (Cottidae, 
4  species j,  about  I, (MW;  rockfishes  <  Scorpaenidae,  6 
s|wdcs),  951:  herrings  and  anchovies  (llupeidae, 
Kngraulidae,  3  sjieciest,  812;  silversides  (Atherini- 
dae,  2  species),  387;  tomcod  (  Microgadus  proximo*), 
334;  liugcod  ( Opkiodo*  tloagalus),  322;  midshipman 

<  1‘vruhlhyt  nolaltui,  280;  sharks  and  rays  ( Squab - 
formes,  Faj i formes,  8  sjicciesi.  Several  anadrontous 
sjiecie*  were  caught:  striped  lass  (  K  ottos  saxattlis). 
1 08;  smelts  (Osmeridae,  2  anadrontous,  1  marine), 
19;  lamprey  ( linlosphtnus  IndtnUilus  ),  7;  and  king 
salmon  <  Oncorhytuhus  tskdxoytscha  t,  2.  Other  groups, 
commonly  found  also  in  Atlantic  coast  estuaries,  in¬ 
cluded  flounders  (4  sjiecies  i.  white  croaker,  stickle- 
lacks.  pi|>ehsh.  goby,  ami  cusk-eel. 

There  is  no  c«unter|>art  on  the  1‘acilic  coast  of  the 
mass  inshore  movement  of  larvae  and  young  of  otf- 
shorc-spn wmng  nektomc  species  into  brackish  nursery 
grounds  that  is  such  a  striking  feature  of  the  ecology 
of  most  Atlantic  coast  ami  (iulf  of  Mexico  estuaries. 
In  British  Columbia  nastal  waters,  for  example. 
Clemens  ami  Wilby  i  1961  i  listed  272  s|>ecies  of  fish. 

<  >nl\  21  of  these  s|h  aes  were  described  as  entering 
the  rivers,  and  18  of  these  21  were  anadrontous.  TV 
three  marine  species  were  the  Pacific  hake  ( M trios- 
tioj  prodmtlms )  w  hich  was  descrilied  as  a  nuisance  to 
-aiimm  gill  net  fishermen  at  tlie  mouth  of  the  Fraser 
River,  the  starry  flounder  ( I’lotu  hlkys  slcllalus) ,  the 
young  of  which  frequently  imive  into  streams,  and  the 
cockscomb  pricUetack  I  .looptarth*  f  pur  par, set  ms  ), 
a  memlier  of  the  family  >ticharulue.  a  common  blenny 
which  lias  lierti  ukeu  at  tlie  mouth  of  the  Fraser 
River. 

\suk-  from  tlie  anadromous  sjwcies.  which  ire 
murh  more  aUuiilant  ami  im]»>rlant  members  of  tlie 
estuarine  community  on  the  Pacific  coast  tfun  in  the 
\tlant>c.  tlie  typical  estuarine  nekton  of  the  Pacific 
coast  is  ma-le  up  of  the  many  species  tint  inhabit  the 
rocky  inlertMlal  zone,  tlie  fjord*  and  channel*  between 
tfie  coastal  sslamls  ami  the  mainland,  am!  the  offshore 
estuary  on  the  high  seas  Inqiortatit  among  these  are 
the  sharks,  skates,  and  rays,  especially  the  J’aeitie 
dogtish  i  Sguol  ms  rut  kltyt  i  This  small,  abundant 
shark  is  a  great  nuisance  to  .tsliermcn.  damaging  their 
nets  and  greatls  increasing  tfseir  costs  of  operation 
Many  commercial  ami  sfwirt  fishermen  (where  that 
•fugfish  are  ilestructivc  of  herring,  salmon,  and  other 
specie*  saluahte  to  man  For  these  reasons,  it  has 
lent  priqunes!  that  a  governmental  bounty  would 
enoairage  fishermen  to  ilnlioi  these  pest* 

TV  IViV  herring  <t  impts  m-dlcsii)  i*  an  impor¬ 
tant  memlier  •>!  tV  Pacific  estuarine  nekton  Adult* 
spun  in  tV  inteetidal  tone,  wliere  their  adhevire 
eggs  remain  attached  to  erlgras*  i  /dilcrr )  and  other 
marine  irplatiie  until  hatching  TV  masses  of  egg*. 


exposed  on  the  beaches  and  rocks  at  low  tide,  attract 
large  mimliers  of  gulls  and  other  birds.  They  are  not 
protected  frinn  bird  predation  evi  n  when  covered  by 
the  tide,  for  they  are  still  vulnerable  to  ducks  anil 
other  diving  birds.  The  young  remain  in  the  lays  and 
channels  between  the  islands  for  most  of  their  first 
year  of  life.  Several  flatfish  x|>ecios  <  Order  Hetero- 
soniata )  |ierfomi  seasonal  migrations  from  deep  to 
shallow  water.  Others  sjiend  their  entire  lives  in  rela¬ 
tively  sliallow  waters.  Alverson  et  al.  (1964)  have 
made  the  interesting  observation  that  a  sjiecies  of 
small-mouth  flounder,  which  feeds  on  small  benthic 
molluscs.  Crustacea,  and  echinoderms,  always  domi¬ 
nates  the  flounder  imputation  on  the  inner  continental 
c bell ;  w  hereas  large-mouth  flounders,  which  feed  on 
zooplankton  and  fishes,  usually  predominate  on  the 
outer  continental  shelf  and  slope.  Other  important 
meniiiers  of  the  fish  fauna  near  shore  on  the  Pacific 
coast  of  Canada  are  the  seajierches  (  Fmbiutocidae  > 
sculjnns  (I'ottiilae l,  gobies  ( Gobiidae),  and  kelp- 
fishes  ( tlinidac  i .  An  imjiortant  commercial  fish  of 
the  inshore  zone  is  the  lingtod  <  Opkiodon  tlongatus  i. 
TV  Pacific  cod  <  dados  motrottphalos )  makes  a  sea¬ 
sonal  migration  from  ileep  to  shallow  water  in  spring. 

Marine  mammals  are  abundant  members  of  the  off¬ 
shore  estuarine  community  in  the  Pacific.  They  feed 
on  many  'mailer  forms  of  estuarine  nekton,  including 
some  of  commercial  importance.  Seals  and  sea  lions 
sometimes  are  ilestructive  to  fishermen's  nets  and  also 
dam  ,-e  fish  in  their  catches,  l  or  these  reasons  it  is 
commonly  believed  that  these  animals  should  he  de¬ 
stroyed  or  that  commercial  uses  should  I*  developed 
to  luiid  tVir  numbers  in  check.  Haleen  whales  are 
common  in  tlie  Bering  Sea  and  N'orth  Pacific  Ocean 
at  certain  seasons,  and  some  species  conic  close  to  tV 
ciast  Sightings  of  baleen  whales  •  Suhoriler  Mvsia- 
coccti  i  by  vessels  of  tV  United  States  Navy  l  Fleet 
Intelligence  t  enter.  Pacific.  19f>l  i  give  mhiic  iilea  of 
tV  distribution  of  tV*c  nektonic  animals  in  tV  off¬ 
shore  estuary  of  tV  N’orth  Pacific  I  Fig.  In.  Most  of 
these  plankton  fcexkrj  <io  not  consume  otlicr  nektonic 
organisms  directly,  although  they  may  lake  in  eggs 
ami  small  larvae,  ami  some  specie*  ds>  consume  fish 
TVtr  gigantic  food  reijuirements,  however,  may  limit 
tlie  food  supply  of  other  nrktun  at  certain  time*  ami 
places  TV  gray  whale  i  Kkatkotott Its  glam  os  t 
migrates  south  in  winter  to  calving  groumls  in  »hal 
low  lagiums  aiong  the  Baja  California  divst  Whale* 
have  no  mVrrrt  need  to  favor  brackish  over  taline 
watcr*.  altfva:gh  tV  movement  of  gray  whales  and 
humpback  whales  '  Mtgspltra  niWi’X)  i  into  coastal 
.caters  *.l  tV  calling  season  may  V  because  it  is  de¬ 
sirable  lor  tV  young  to  hr  bom  in  shallow  water 
i  Sinner.  P*v2>  TV.r  presence  in  estuarine  waters 
mu*f  be  prmcipa'iv  a  re*t««i»e  to  tV  presence  of 
abundant  food  TV  tianlVd  »s  des,  and  rspeciallv 
porpoise*.  mav  nwitumc  Urge  quantities  »t  fishes 
b  xlfi— sief v  interesting  n«*u!  mrrrssuetv  of  nek 
tin  irrur  in  mo*t  e*luane*  In  far  northern  water* 
tV  tvpwral  evcle  swing*  from  almost  ecwnplrte  absence 
ot  life  in  winter  to  -o*t  an  incredible  abumlanre  of 
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Fig.  6.  Distribution  of  baleen  whales  in  the  Pacific  Ocean,  as  indicated  by  sightings  from  U.S.  Naval  vessels. 


nek  tonic  life  in  spring  and  summer,  as  illustrated 
vividly  by  the  following  excerpt  from  a  personal  com¬ 
munication  received  in  1964  from.  I)r.  William  A. 
Smoker,  Assistant  Director  of  the  Bureau  of  Com¬ 
mercial  Fisheries  Biological  Laboratory,  Alike  Bay. 
Alaska.  He  was  referring  to  Kitoi  Ray  on  Afognak 
Island. 

“In  April  the  estuary  was  still  in  the  grip  of  a 
severe  winter.  The  bay  would  freeze  over  between 
snowstorms  and  then  break  up  and  clear  with  rain 
and  tidal  action.  Temperatures  were  quite  low,  the 
water  clear,  and  nothing  was  observed  swimming 
in  the  water.  Then  very  rapidly  as  the  hours  of 
daylight  increased,  temperatures  rose,  plankton 
blooms  occurred,  herring  moved  in  from  the  ocean, 
salmon  fry  and  litigeriings  moved  in  from  the 
streams,  barnacle  exuviae  floated  all  over,  hexa- 
gramntids  were  apparent,  swarms  of  small  cottids 
and  flounders  moved  around  in  the  littoral  areas, 
seals  moved  in  and  first  chased  the  herring  schools 
around  and  then  by  midsummer  chased  the  adult 
salmon  right  up  the  creek  mouths.  A  vast  school  of 
pink  salmon  moved  in  and  out  of  a  creek  mouth  for 
weeks  with  the  tides.  One  could  stand  on  the  dock 
at  10  o’clock  at  night  and  see  all  sorts  of  nekton  ac¬ 
tivity  as  it  broke  the  surface  of  the  estuary.  Such 
animals  as  puffins  also  might  lie  called  ‘nekton’. 


They  occurred  by  the  hundreds  at  Kitoi  and  dove 
and  swam  extensively  for  food,  an  occasional  land 
otter  would  swim  across  the  bay  and  dive  for  food, 
and  even  blooms  of  large  jellyfish,  which  could  be 
seen  when  the  tide  was  slack,  swimming  with  ap¬ 
parent  purpose.  With  the  decrease  of  daylight  in 
late  fall  and  winter,  all  of  these  forms  disappear 
from  the  estuary  and  bay  and  again  the  water  is 
cold,  clear,  and  virtually  devoid  of  nekton.  On 
calm  nights  the  skin  of  iresh  water  from  the  land 
runoff  forms  a  layer  of  ice  over  the  estuary  which 
frequently  breaks  up  in  the  tide  and  wind.” 

In  temperate  waters  the  variation  in  total  biomass 
is  less  pronounced,  but  marked  seasonal  changes  in 
species  composition  or  size  and  age  composition  are 
common.  For  example,  in  Chesapeake  Bay  the  small¬ 
est  numbers  of  species  are  found  in  winter  when  the 
inshore  estuarine  community  has  been  impoverished 
by  migration  of  adults  and  most  juveniles  to  the  sea. 
These  faunas  are  augmented  through  spring  and  sum¬ 
mer  by  young  fishes  migrating  downstream  from  nur¬ 
sery  grounds  in  brackish  wafer,  and  by  adult  fishes 
moving  in  from  the  ocean.  The  greatest  diversity  of 
species  is  reached  late  in  the  year  (  Fig.  7).  Some 
northern  forms,  or  deepwater  species  of  the  offshore 
zone,  move  into  the  Bay  in  winter,  and  some  rela¬ 
tively  nan-migratory  species  concentrate  in  the  chan- 
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Table  2.  The  major  fishery  products  of  the  U.  S. 
Gulf  of  Mexico  ports  for  1961  and  1962  in  millions 
of  (kjuikIs.  as  given  bv  the  l".  S.  Bureau  of  Com¬ 
mercial  Fisheries. 


1961 

1962 

Menliadcn 

1, 0^0.4 

1,056.6 

Shrimp1 

Industrial  Fishes 

133.8 

141.7 

(75%  croakers) 

78.0 

96.0 

Mullet 

34.8 

35.3 

Crabs 

36.3 

26.8 

Oysters 

18.2 

18.8 

1  Shrimp  Heights  are  on  a  heads -off  basis  and  should  be  mul¬ 
tiplied  by  1.68  to  give  the  total  i*ounds. 


and  Texas  waters  in  that  order,  but  a  few  are  taken 
in  Ala'tma  and  Florida. 

The  shrimp  catch  is  made  up  of  four  sjiecies :  the 
brown  shrimp.  I'cuacus  astccus ;  the  white  shrimp. 
Pcuaeus  fluriatilis .  the  pink  shrimp,  Pemeus  du- 
ortirum;  and  tiie  seabob,  X  ipltopeiteus  kroyeri.  The 
pink  shrimp  is  taken  mostly  in  south  Florida  waters 
and  the  seabob  amounts  only  to  al>out  one  |>ercent  of 
the  northern  Gulf  catch.  During  1961-1962  Texas 
was  the  leading  shrimp-producing  state,  but  in  1963 
a  very  fine  crop  of  white  shrimp  brought  Louisiana 
to  the  fore  again. 

“Industrial”  fishes  are  made  up  of  everything  that 
the  trawlers  can  catch  after  the  fishes  with  hard  bony 
parts  are  removed.  The  discarded  species  consist  of 
the  skates  and  rays,  catfish,  spiny  boxfishes,  cowfish 
and  their  relatives,  and  all  crustaceans.  Even  so.  two 
species  of  croakers  ma/e  up  approximately  75  percent 
of  the  catch.  The  common  croaker,  M icropogon  u»- 
dulatus,  makes  up  approximately  50  percent  and  the 
flat  croaker  or  spot,  Lciostomus  xant  hunts,  makes  up 
25  percent  of  the  catch. 

Tiie  striped  mullet.  Mugil  ct’plialus.  makes  up  most 
of  the  mullet  catch,  and  the  silver  mullet.  Mugil  cu- 
rema,  comprises  about  1.6  percent.  Most  of  the  mullet 
catch  comes  from  Florida  waters. 

Over  98  percent  of  the  crab  catch  reported  consists 
of  the  common  blue  crab,  Callinectes  sapidus,  the  well- 
known  species  which  extends  from  the  Gulf  of  St. 
Lawrence  to  Uruguay.  However,  the  stone  crab. 
Menippe  merecuaria.  which  is  produced  commercially 
mostly  in  Florida,  has  also  lieen  included  in  these 
figures,  although  its  total  contribution  to  the  catch  is 
only  about  1.3  percent  annually. 

The  oyster  catch  is  made  up  totally  of  the  common 
Virginia  oyster.  Crassostrra  rirgiuua.  It  is  interest¬ 
ing  that  the  center  of  production  of  this  oyster  is  in 
two  widely  separated  areas,  the  coast  of  Louisiana  and 
Chesapeake  Bay:  their  chief  common  characteristic 
is  the  estuarine  nature  of  the  waters. 

Very  few  other  species  are  taken  in  amounts  greater 
than  a  million  pounds  and  they  are  not  given  in  de¬ 
tail  in  the  table.  Of  the  estuarine  species  in  1961 
there  were:  2.1  million  black  drum,  Pogoitias  cromis: 
2.2  million  reel  drum,  Sciaetiops  occllata;  4.3  million 


sjKitted  wcakfish.  Cyuosciou  nebuiosus .  and  1.2  mil¬ 
lion  pounds  of  whiting.  Menticirrhus  spp.  Of  the 
high-salinity  fishes  there  were  6.8  million  pounds  of 
groujiers  of  several  s|»ecies ;  1.7  million  pounds  of 
king  mackerel,  Scomberomorus  walla  and  6'.  re¬ 
gal  is.  11.9  million  pounds  of  red  snapper,  Luljanus 
blacpfordi;  and  4.0  million  pounds  of  Spanish  mack¬ 
erel,  Scomberomorus  maculatus. 

The  chief  fisheries  of  the  Gulf  coast  are  based  on 
one  or  two  sjtecies  of  menhaden,  one  species  of  mullet, 
two  sjtecies  of  croakers,  three  species  of  shrimp,  one 
crab,  and  the  oyster :  or  five  fishes,  four  crustaceans, 
and  one  mollusc. 

In  1961  the  order  of  rank  of  the  species  was:  men¬ 
haden.  one  billion  pounds :  brown  shrimp,  39  million 
jiounds :  croakers,  39  million  pounds :  blue  crabs,  35 
million  [rounds ;  striped  mullet,  33  million  [rounds : 
pink  shrimp.  24  million  pounds;  flat  croakers,  18.5 
million  pounds:  oysters.  18.2  million  pounds:  :i”d 
white  shrimp,  14  million  [rounds.  It  should  be  noted 
that  all  shrimp  weights  are  given  on  the  heads-off 
Irasis  and  they  should  Ire  multiplied  by  1.68  to  give  the 
total  figure  of  the  catch. 

During  1961  the  fishery  production  of  the  Gulf 
States  amounted  to  1.377  billion  pounds,  of  which  9.3 
million  [rounds  came  from  fresh  water.  Table  3  com¬ 
pares  the  catches  of  saltwater  and  estuarine  species, 
using  only  those  species  which  were  taken  in  amounts 
of  one  million  [rounds  or  more.  The  catch  of  those 
fishes  which  have  little  or  no  connection  with  estu¬ 
aries  amounted  to  24.4  million  [rounds,  while  the  catch 
of  estuarine  species  amounted  to  1.332  billion  [rounds, 
including  oysters  and  crustaceans.  Every  fish  on  the 
estuarine  list  has  been  included  on  the  list  of  eury- 
haline  fishes  of  North  America  (  Gunter.  1956a).  be¬ 
cause  they  have  been  taken  in  fresh  water  when  small ; 
the  same  thing  is  true  of  the  blue  crab.  The  shrimp 
also  enter  water  which  is  almost  fresh,  that  is,  0.4  %, 
salt  for  P emeus  fluriatilis  and  0.8  for  P.  astccus 
(Gunter  and  Shell.  1958).  In  short,  estuarine  species 
make  up  alxrut  97.5  percent  of  the  total  commercial 
fisheries  catch  of  the  Gulf  States  and  saltwater  spe¬ 
cies  comprise  alrout  2.0  [rercent,  the  remainder  being 
freshwater  specie  . 

It  should  be  stated  that  some  of  the  catch  of  s|>ecies 
listed  here  as  estuarine  takes  place  in  the  open  sea 
in  waters  of  oceanic  salinities.  This  is  particularly 
true  of  the  shrimp  and  industrial  fishes.  Neverthe¬ 
less.  these  animals  are  estuarine  in  the  young  stages. 
The  largest  fishery,  however,  that  for  menhaden, 
operates  in  estuarine  waters.  Christmas  ct  al.  (1960) 
showed  that  menhaden  catches  in  Alabama.  Louisiana. 

Table  3.  Gulf  production  of  commercial  fisheries 
in  millions  of  pounds  for  those  species  taken  in 
amounts  of  a  million  pounds  and  more  I  From  Fish¬ 
ery  Statistics  of  the  United  States  1961  ). 


Freshwater  sjiccics  9.3 

Saltwater  s|iecies  24.4 

Estuarine  s|iecics  1,332.2 
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and  Mississippi  were  made  in  waters  with  salinities 
ranging  from  6.2  to  31.6  %C:  and  88  percent  of  the 
catches  were  between  salinities  of  15  and  29  %e.  The 
average  salinity  for  catches  was  21.4  %&  or  about  60 
percent  sea  water. 

All  production  figures  used  were  taken  from  various 
publications  of  the  Branch  of  Statistics  of  the  U.  S. 
Bureau  of  Commercial  Fisheries.  (The  1962  figures 
had  not  been  published  at  the  time  of  writing.  I  am 
indebted  to  Mr.  Hermes  Hague,  of  the  above  office, 
for  securing  them  for  me. ) 

The  Sports  Fishery 

Statistics  on  the  sports  fishery  are  scarce.  During 
the  years  1957-1958  and  1959-1960  Belden  Associates 
(1961)  made  two  studies  of  sports  fishing  on  the 
Texas  coast,  restricted  to  red  drum,  speckled  trout 
(squeteague).  flounder,  and  black  drum — all  estuarine 
species  and  the  most  commonly  taken  sport  fishes. 
The  total  catches  for  the  two  periods  were  36,586,000 
and  24,726,000  ;>ounds,  respectively.  There  are  no 
similar  estimates  for  Louisiana,  Mississippi,  and  Ala¬ 
bama.  The  Florida  State  Board  of  Conservation  and 
the  University  of  Miami  have  published  several  sur¬ 
veys  on  sport  fishing  effort,  the  number  of  anglers, 
expenditures,  charter  boat  catches,  etc.,  but  there  are 
no  total  estimates  by  species.  However,  it  may  be 
surmised  from  the  Texas  figures  that  the  annual 
sport  fishing  catch  of  estuarine  fishes  of  the  Gulf 
coast  is  at  least  100  million  pounds,  and  it  may  be 
considerably  greater.  Thus,  the  total  catch  of  estu¬ 
arine  species  on  the  United  States  Gulf  coast  now 
amounts  to  about  1.5  billion  pounds. 

TIDAL  AND  SALINITY  CHARACTERISTICS 
OF  GULF  ESTUARIES 

In  Mobile  Bay.  the  salty  water  comes  in  on  the  east 
side  of  the  mouth  and  the  fresh  or  low-salinity  water 
apparently  flows  outward  mostly  on  the  west  side  of 
the  opening,  due  to  the  Coriolis  force.  Thus,  the  east 
side  of  the  bay  up  to  about  the  middle  reaches  has  a 
higher  salinity  than  the  west  side  of  the  bay.  Several 
studies  have  shown  that  as  the  fresher  waters  flow 
out  of  the  mouth  of  an  estuary  at  the  surface  there 
is  an  inflow  of  saltier  waters  in  the  deeper  layers 
( Bousficld.  1955:  Ketchum,  1951;  Pritchard,  1952: 
Riley.  1952). 

American  biologists  have  not  paid  much  attention 
to  the  biotic  and  salinity  divisions  of  brackish  waters 
which  have  received  considerable  attention  from 
the  Europeans  (Symposium  on  the  Classification  of 
Brackish  Waters,  1959).  The  reasons  for  these  two 
diverse  views  are  fairly  clear.  The  average  bay  sys¬ 
tem  on  the  northern  Gulf  coast  covers  about  500 
square  miles  or  less  and  the  same  thing  might  be  said 
of  most  bay  systems  of  the  United  States  except  the 
Chesapeake  Bay.  The  bays  are  comparatively  small 
and  the  total  salinity  gradient  from  sea  water  to  fresh 
water  covers  only  a  small  distance.  These  bay  systems 
also  are  subject  to  floods  which  may  make  them  al¬ 
most  completely  fresh,  or  to  droughts  and  dry  s]>ells 


when  the  salinity  becomes  quite  high  The  sudden  in¬ 
flux  of  ftesh  water  into  Galveston  Bay  has  been  men¬ 
tioned  above.  Nueces  Kay  was  turned  into  a  fresh¬ 
water  lake  in  1935  (Collier  and  Hedgpeth,  1950),  In 
the  drier  parts  of  the  country,  such  as  the  south 
Texas  coast,  I  have  seen  salinities  rise  to  64  %c  in  the 
upper  bays  which  normally  have  low  salinities,  but 
this  was  during  the  greatest  drought  (1948-1957) 
recorded  on  this  continent.  Wide  variations  in  salin¬ 
ity  are  fairly  common,  but  less  than  the  extremes  of 
1948-1957.  For  this  reason  American  workers  have 
not  found  it  particularly  helpful  to  use  the  oligohaline, 
mesohaline,  and  polyhaline  terminology.  Neverthe¬ 
less,  there  are  some  waters  to  which  these  »erms 
might  be  applied  properly.  Along  parts  of  the  Texas 
coast  there  is  a  double  system  of  bays,  commonly  re¬ 
ferred  to  as  the  front  bay  and  the  back  bay.  In 
Louisiana  such  waters  as  White  Lake,  Grand  Lake, 
Lake  Maurepas,  and  Lake  Pontchartrain,  are  sepa¬ 
rated  from  the  outside  bays  by  narrow  openings.  Dur¬ 
ing  the  big  drought  (Gunter  and  Shell,  1958)  the 
waters  of  White  and  Grand  Lakes  did  not  rise  above 
4.5  %c  salinity,  while  a  great  deal  of  the  vegetation 
in  the  surrounding  marsh  was  dying  because  of  dry¬ 
ness.  These  waters  are  stable  in  the  oligohaline  con¬ 
dition.  The  same  characterization  may  be  applied  to 
Lake  Maurepas,  and  there  are  other  small  bodies  of 
water  along  the  Gulf  coast  that  may  be  similarly 
characterized.  The  Bay  of  Biloxi,  which  is  long  and 
river-like,  is  always  oligohaline  in  its  upper  reaches. 
Such  situations  are  exceptions,  however,  and  usually 
the  salinity  characteristics  of  the  bay  streams  of  the 
Gulf  coast  fluctuate  to  such  an  extent  that  oligohaline 
water  may  be  completely  obliterated  except  near  the 
mouths  of  rivers,  or  it  may  extend  over  the  whole  bay. 
For  these  reasons  American  zoologists  have  been  con¬ 
tent  to  refer  to  the  precise  salinity  at  given  stations 
without  much  reference  to  the  European  categories. 

In  addition  to  varying  with  rainfall  and  drainage, 
the  salinity  of  the  bays  varies  with  the  winds  and 
tides.  The  clearest  explanation  of  Gulf  tides  is  given 
in  Collier  and  Hedgpeth  (1950).  On  the  Gulf  coast 
the  maximum  tidal  variation  is  26  inches  with  one 
maximum  and  one  minimum  a  day.  The  maximum 
tide  occurs  only  once  a  month.  Every  following  day 
it  declines  a  few  inches  and  finally  the  variation  is 
only  two  or  three  inches  a  day  with  the  tide  standing 
a  little  above  mean  low.  It  is  further  complicated  by 
the  fact  that  it  changes  over  to  two  tides  a  day  at 
the  small  fluctuation.  In  the  bays  these  tides  are 
damped,  and  they  may  come  several  hours  later  than 
they  do  on  the  outside  beaches.  When  the  winds  blow 
hard  from  the  south,  water  piles  up  on  the  coast  and 
Chew  (1964)  has  shown  that  the  sea-level  stand 
varies  a  foot  or  two  even  on  the  outside  beach,  de¬ 
pending  on  the  direction  of  the  prevailing  winds  over 
a  period  of  a  few  weeks.  In  the  winter  when  the 
winds  blow  hard  from  the  north,  a  great  many  shal¬ 
low  areas  in  the  bays  are  exposed  and  the  water  level 
drops  considerably.  The  other  extreme  is  when  the 
hurricane  tides  come  in  at  a  maximum  height  of 
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about  16  feet.  The  highest  lunar  tides  are  only  26 
inches  on  the  outside  beaches  for  a  few  days  every 
month,  and  the  tides  are  damped  to  lower  heights  in 
the  bays ;  because  of  this,  experienced  boatmen  pay 
very  little  attention  to  them.  On  the  other  hand  they 
pay  a  great  deal  of  attention  to  the  way  the  wind  is 
blowing  and  how  hard,  and  how  long  it  is  supposed 
to  last.  It  is  even  stated  in  the  official  tide  tables  that 
in  the  bays  the  periodic  tide  is  negligible  and  the  water 
levels  depend  principally  on  the  wind.  It  is  clear  that 
wind  conditions  have  considerable  effect  upon  the 
salinity  of  the  shallow  waters  of  the  estuarine  areas 
of  the  Gulf. 

Local  heavy  rains  on  the  coast  often  raise  the  water 
level  of  the  back  bays  and  the  relatively  enclosed 
areas  as  the  water  drains  quickly  from  the  adjacent 
land.  Tide  gauge  records  have  not  proved  this  phe¬ 
nomenon,  but  it  has  been  observed  so  many  times  by- 
various  people  that  there  seems  to  be  no  doubt  of  the 
correctness  of  the  observations. 

In  speaking  of  Texas  bays,  Collier  and  Hedgpeth 
(1950)  made  the  following  remarks  concerning  the 
relations  of  tides  to  the  fisheries : 

“The  high  levels  observed  during  March  and  April 
for  the  spring  months,  and  during  September  and 
October  for  the  autumn,  are  spoken  of  as  ‘spring 
tides'  and  ‘fall  tides’  respectively  by  coastal  inhabitants. 

“From  the  point  of  view  of  the  coastal  fisheries  of 
the  Gulf  of  Mexico  this  phase  of  tidal  study  is  as  im¬ 
portant  as  any.  Some  of  the  principal  fisheries  are 
dependent  upon  the  young  gaining  the  protection  and 
nourishment  offered  by  the  tidal  flats  during  the  early 
days  of  their  lives.  The  degree  to  which  a  given  year 
class  is  successful  might  depend  upon  the  extent,  both 
spatial  and  temporal,  to  which  the  tidal  flats  and  low 
marshlands  are  flooded.  This  is  variable  from  year  to 
year,  and,  so  far  as  the  authors  can  learn,  this  factor 
has  not  been  studied  in  connection  with  annual  fish¬ 
eries  production.  It  is  suggested  here  that  such  a 
study  might  prove  fruitful  on  the  Gulf  Coast.” 

THE  MARINE-ESTUARINE  LIFE  HISTORY 

The  general  life  history  of  most  of  the  motile  estu¬ 
arine  animals  on  the  Gulf  coast  follows  a  similar  pat¬ 
tern  and,  as  was  shown  above,  this  includes  most  of 
the  commercial  species.  The  eggs  are  spawned  at  sea 
and  the  larvae  somehow  make  their  way  into  the  low- 
salinity  waters  of  the  estuaries.  The  young  animals 
develop  in  the  estuaries  and  then  return  to  or  towards 
the  sea.  This  is  an  extremely  important  phenomenon 
and  constitutes  a  general  law  regarding  most  of  the 
large  motile  estuarine  organisms  of  the  south  Atlantic 
and  Gulf  coasts  of  the  United  States,  and  probably 
other  estuarine  coasts  as  well.  Recognition  of  this 
phenomenon  was  so  slow  that  no  one  deserves  full 
credit  for  it,  and  appreciation  of  it  came  about  so 
gradually  that  it  stands  as  an  example  of  how  impor¬ 
tant  generalizations  are  brought  to  light  through  the 
long  laliorious  field  work  of  a  number  of  workers. 
Years  ago  marine  biologists  in  the  Chesapeake  Bay- 
area  worked  out  the  general  life  history  of  the  blue 


crab  (Hay,  1905).  They  found  that  the  fertilized 
females  go  to  or  towards  the  sea  and  spawn  their 
eggs  in  high-salinity  waters  (Churchill,  1919).  Later 
Sandoz  and  Rogers  (1944)  showed  that  the  eggs  and 
larvae  would  not  survive  in  low-salinity  water.  The 
young  crabs  move  back  into  low-salinity  water  and 
mature  there,  with  the  females  finally  returning  to 
sea  and  completing  the  cycle.  The  same  type  of  life 
history  of  the  crab  has  been  observed  on  the  Gulf 
coast  (Darnell,  1959;  Gunter,  1950)  and  apparently 
it  holds  true  over  the  whole  range  of  the  species. 
Darnell’s  paper  gives  an  excellent  summary  of  studies 
on  the  blue  crab. 

Viosca  (1920)  noted  that  post-larval  white  shrimp, 
Penaeus  fluvialilis,  on  the  Gulf  coast  enter  the  low- 
salinity  waters  and  develop  there,  to  return  to  sea 
as  they  mature,  a  fact  which  has  been  amply  cor¬ 
roborated  (Gunter,  1950;  Lindner  and  Anderson, 
1956;  Weymouth  el  al.,  1933). 

On  the  Atlantic  coast  Smith  (1907)  and  Hildebrand 
and  Schroeder  (1928)  noted  such  things  as  the  fact 
that  ripe  mullet  and  croakers  were  not  to  be  found 
in  the  bays,  and  that  the  very  earliest  larvae  were 
found  offshore.  Pearson  ( 1929)  first  showed  specifi¬ 
cally  that  important  groups  of  fishes,  the  Sciaenidae, 
spawned  offshore  in  high-salinitv  waters  and  the  lar¬ 
vae  entered  the  bays,  sometimes  “grimly”  bucking  the 
outflowing  currents  of  the  narrow  passes  of  the  Texas 
coast.  Later  research  showed  that  on  both  the  Louisi¬ 
ana  and  Texas  coasts  this  general  type  of  life  history 
applies  to  nearly  all  the  important  motile  species, 
especially  those  upon  which  the  fisheries  depend 
(Gunter  1938b,  1945,  1950). 

Pearse  and  Gunter  (1957)  summarized  the  situ¬ 
ation  :  “The  young  of  many  animals,  usually  thought 
of  as  marine,  require  areas  of  low  salinity  for  nursery 
grounds.  The  distribution  and  abundance  of  the  blue 
crab  and  of  the  commercial  shrimp  (Penaeus  setif- 
crus)  on  the  South  Atlantic  and  Gulf  coasts  are  de¬ 
pendent  on  the  presence  of  estuarine  areas.  The 
shrimp  spawn  in  oceanic  salinities;  the  early  stages 
apparently  require  oceanic  water,  but  the  older  larvae 
must  reach  bay  waters  or  perish.  The  young  shrimp 
grow  up  in  the  low-salinity  bays  and  return  to  the 
sea.  .  .  .  roughly  this  cycle  of  spawning,  growth,  and 
movement  in  relation  to  salinity  holds  true  for  many 
imiwrtant  fishes  and  invertebrates  on  the  Gulf  coast. 
In  general  marine  animals  on  such  estuarine  coasts 
move  offshore  as  they  grow  older.” 

Additional  remarks  were  made  by  Gunter  ( 1961 ) : 
“A  number  of  workers  on  the  Gulf  coast  have  dem¬ 
onstrated  that  a  great  many  of  the  important  marine 
animals  of  that  area  have  similar  life  histories.  The 
adults  spawn  offshore  and  the  young  move  back  into 
the  estuaries  where  they  grow  up  in  low-salinity 
waters;  after  a  time  they  return  to  the  sea  and  the 
larger  adults  of  many  s|>ecies  are  found  only  in  the 
sea. 

"The  preponderant  macroorganisms,  both  in  num¬ 
bers  of  sjiecies  and  individuals,  are  mostly  motile  spe¬ 
cies  which  undergo  the  general  type  of  life  history 
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described  above.  In  southern  waters  tiiese  are  the 
mullet,  menhaden,  croakers,  shrimp  and  crabs.  Vast 
numbers  of  these  animals  may  be  found  in  estuaries 
at  one  time  or  another  and  in  general  the  very  small¬ 
est  sizes  are  found  in  the  lower  salinities.  Estuaries 
are  predominantly  nursery  grounds." 

There  are  some  important  organisms  which  are 
indigenous  to  bay  and  estuarine  waters  and  never 
leave  them.  This  includes  a  number  of  copepods  and 
planktonic  species,  about  which  we  know  very  little. 
It  also  includes  several  species  of  molluscs,  of  which 
the  only  commercially  important  one  is  the  common 
oyster,  and  certain  gobioid  and  cyprinidontid  fishes 
and  the  palaenionid  shrimp  of  the  grass  beds  and 
shallows.  Thus,  populations  of  estuarine  animals  are 
broadly  divisible  into  those  that  complete  their  life 
histories  in  the  estuaries  and  those  that  use  the  estu¬ 
aries  as  rearing  grounds.  The  first  group  is  generally 
sessile  or  small,  and  weakly  motile :  and  the  second  is 
generally  composed  of  larger,  strongly  motile  species. 
It  should  be  noted  that  the  movements  and  life  cy  les 
of  the  second  group  have  a  resemblance  to  the  e  of 
the  catadromous  fishes. 

Striped  mullet  have  even  been  recorded  spawning 
50  miles  offshore  from  the  mouth  of  the  Mississippi 
River  (Arnold  and  Thompson,  1958).  This  is  a 
curious  matter  and  it  seems  peculiar  that  the  fish 
would  find  it  necessary  at  times  to  go  so  far,  since 
the  young  must  develop  in  estuaries. 

How  the  small  delicate  young  of  the  offshore 
spawners  move  over  the  long  distances  from  oceanic 
waters  to  the  low-salinity  estuaries,  and  what  leads 
them  to  do  so,  are  unanswered  questions — we  have 
general  ideas  only,  but  little  specific  information.  The 
inflow  of  salt  water  along  the  bottom  of  the  mouths 
of  the  bays  indicates  one  way  in  which  young  enter 
the  bays.  Viosca  observed  that  small  shrimp  entered 
Lake  I’ontchartrain  in  the  upper  layers  of  water  of 
the  two  passes,  the  Rigolets  and  Chef  Menteur,  but 
they  left  the  lake  some  months  later  in  the  bottom 
water  layers.  Pearson  ( 1929)  saw  the  larval  sciaenid 
fishes  struggling  to  enter  Texas  bays  at  the  surface 
in  the  face  of  the  outflowing  tide. 

The  stages  from  the  eggs  to  juveniles,  during  which 
transport  from  offshore  waters  to  low-salinity  areas 
is  somehow  effected,  may  be  the  most  critical  of  all  in 
the  life  histories  of  the  important  fishery  animals  of 
the  (iulf  coast.  The  problem  may  be  broken  down 
into  three  phases :  (  1  )  transport  from  the  offshore 
waters  to  the  vicinity  of  the  passes  or  hay  mouths: 
( 2  i  transport  through  the  passes  into  the  bays,  where 
cui rents  are  often  quite  strong:  and  (5)  distribution 
within  the  bays  after  entrance  has  been  obtained. 

The  first  phase  of  the  problem  is  most  puzzling. 
The  larvae  must  travel  up  to  50  miles  in  some  in¬ 
stances  and  cross  strong  currents  flowing  parallel  to 
the  coast,  and  sometimes  two  of  them  going  in  op|M>- 
site  directions.  The  matter  is  further  complicated  by 
the  fact  that  the  eggs  and  larvae  of  mullet  and  sciae- 
tiiils  probably  come  in  near  the  surface  (  Arnold  and 
Thompson.  1958:  Pearson,  1929 1.  while  the  shrimp 


have  demersal  eggs  and  the  larvae  apparently  stay 
in  the  water  layers  below  the  surface.  Groups  of 
incoming  larvae  have  never  been  traced  satisfactorily 
and  we  do  not  know  whether  they  touch  land,  so  to 
speak,  nearest  to  where  they  were  spawned  or  many 
miles  up  or  down  the  coast.  If  the  adults  spawn  near 
their  home  bays  and  the  larvae  are  carried  far  away, 
then  there  are  curious  aspects  in  the  life  histories  of 
several  common  Gulf  coast  animals.  But  it  would 
seem  to  be  a  matter  of  slim  chance  for  larvae  to  reach 
the  passes  into  Texas  bays,  which  comprise  less  than 
two  percent  of  the  total  coastline,  unless  they  drift 
up  or  down  the  coast  for  some  distance  until  they 
come  to  a  pass. 

The  high  tides,  which  come  once  a  month,  and  the 
especially  high  tides  of  the  spring  and  fall  may  have 
a  great  deal  to  do  with  the  second  phase,  the  move¬ 
ment  of  the  young  through  the  passes  into  the  estu¬ 
aries.  as  suggested  by  Collier  and  Hedgpeth  ( 1950). 

It  should  be  mentioned  here  that  contrary  to  the 
idea  of  the  critical  stages  of  life  histories  during  in¬ 
shore  transport,  there  has  never  been  any  indication 
of  a  dearth  of  larvae  coming  into  the  estuaries.  On 
the  other  hand,  this  apparent  fact  may  be  based  on  our 
ignorance  of  the  true  situation. 

The  third  phase  of  larval  or  juvenile  movement, 
distribution  within  the  estuaries  after  entrance  has 
been  made,  is  probably  as  important  as  the  first  two 
phases,  for  the  young  must  have  living  room  and  they 
cannot  pile  up.  so  to  speak,  near  the  entrances  to  the 
bays.  Here,  again,  we  have  little  knowledge.  The 
movement  of  more  saline  water  into  the  bays  is  cer¬ 
tainly  important  with  regard  to  larval  transport  within 
the  bays.  In  addition,  the  young  are  growing  in 
strength  as  they  enter  the  bays  and  some  of  them 
swim  quite  well.  On  the  Texas  coast,  young  mullet. 
Mugil  ccphalus.  after  entering  the  passes  in  November 
or  December,  follow  the  shoreline  to  the  back  bays. 
It  takes  them  approximately  three  weeks  to  cover  a 
distance  of  sixty  miles. 

RELATIONS  OF  THE  SALINITY  FACTOR 
TO  DISTRIBUTIONS  OF  ESTUARINE 
ORGANISMS 

The  lower  salinity  of  estuarine  waters  is  the  out¬ 
standing  difference  between  these  waters  and  sea 
water,  and  salinity  has  an  important  influence  on  the 
life  histories  and  distributions  of  estuarine  organisms. 
One  of  the  clearest  indications  of  the  salinity  influence 
is  the  relationship  of  salinity  gradient  to  numbers  of 
species.  The  greatest  numlters  of  marine  species  are 
to  be  found  in  high-salinity  waters  of  the  open  ocean 
offshore  from  the  bays  and  estuaries:  as  the  salinity 
gradient  falls  through  the  sounds  and  bays  and  into 
fresh  water,  the  numbers  of  species  of  organisms  de¬ 
cline.  This  has  been  observed  many  times  on  many 
coasts:  it  is  an  example  of  the  general  phenomenon 
that  numliers  of  species  decline  as  the  physical  factors 
of  the  environment  vary  from  the  optimum.  The  opti¬ 
mum  in  ecological  matters  is  generally  defined  as  re¬ 
lated  in  some  manner  to  the  maximum  numbers  of 
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organisms,  and  the  maximum  numbers  are  said  to 
exist  at  the  optimum,  all  of  which  is  somewhat  circu¬ 
lar.  Whatever  the  basic  philosophy  of  the  situation 
may  !>e,  the  numbers  of  species  of  marine  organisms 
decline  with  the  salinity  gradient  or.  conversely,  in- 
increase  with  it. 

The  importance  of  salinity  to  the  distribution  of 
marine  organisms  may  be  illustrated  by  the  case  of 
the  common  American  oyster,  Crassostrca  virginica. 
Some  workers  have  noted  that  this  animal  will  ap¬ 
parently  live  and  reproduce  at  seawater  salinities,  but 
it  grows,  lives,  and  reproduces  best  under  estuarine 
conditions.  Amemiya  (  1926)  came  to  the  conclusion 
that  the  developmental  stages  of  this  oyster  took  place 
best  at  salinities  from  25  to  29  %,.  That  seems  a 
little  high,  although  it  is  lower  than  the  range  for  the 
other  two  ( European )  oysters  with  which  Amemiya 
worked.  In  any  case,  it  is  well  recognized  that  the 
American  oyster,  Crassostrca  virginica,  is  confined 
to  estuarine  salinities  from  about  10  to  30  which 
extend  over  a  horizontal  distance  of  several  miles. 
This  oyster  has  left  what  are  probably  the  largest  and 
most  voluminous  remains  of  any  species  that  ever 
existed  on  the  North  American  continent  in  the  form 
of  buried  reefs  which  are  now  1  icing  dredged  up  as 
important  sources  of  calcium  carlxmate  and  for  other 
purposes.  At  higher  salinities  a  second  species,  Ostrca 
cqucstris,  is  found,  and  on  the  Gulf  coast  a  third 
species  (O.  frons)  is  found  at  still  higher  salinities 
(Gunter,  1951),  usually  not  in  the  bays.  According 
to  Nelson  (1938),  the  oyster  larvae  maintain  them¬ 
selves  in  the  bays  by  falling  to  the  bottom  during  the 
falling  tide  and  swimming  upward  with  the  rising 
tide.  Thus,  the  larvae  seem  to  select  the  salinities  at 
which  the  oyster  will  do  best.  The  distribution  of  *he 
three  Gulf  coast  oysters  from  the  mouths  of  the  bays 
to  far  inland  in  the  estuarine  waters  is  in  a  sense 
foreshortened  on  oil  well  platforms  in  the  open  Gulf 
some  miles  offshore  ( Gunter  and  Geyer.  1955).  The 
surface  waters  are  of  low  salinity,  and  here  the  com¬ 
mon  oyster,  'rassostrea  virginica,  grows  on  the  tem¬ 
plates  of  the  platforms.  At  a  lower  level  Ostrca 
cqucstris  is  found,  and  overlapping  it  and  extending 
down  to  waters  of  oceanic  salinity  is  the  tree  oyster, 
0.  frons. 

The  alxive  observation  and  many  others  indicate 
that  the  Virginia  oyster  lives  liest  at  estuarine  salini¬ 
ties,  and,  furthermore,  that  it  selects  areas  in  which 
to  grow.  This  might  lie  called  a  physiological  adapta¬ 
tion  or  adjustment.  In  addition,  there  seems  to  lie 
another  adaptation  to  a  lower  salinity  which  may  he 
called  indirect.  Nelson  (1938i  ami  several  previous 
workers  have  noted  that  enemies  of  the  oyster  are 
less  abundant  at  the  low  salinities  of  the  estuaries  than 
in  sea  water.  This  led  Nelson  to  theorize  that  the 
oyster  left  the  sea  and  fiopulated  the  estuaries  partly 
to  avoid  parasites  and  predators.  A  study  of  the  dis¬ 
tribution  of  oyster  enemies  (Gunter,  1955)  seems  to 
indicate  that,  both  as  predators  and  parasites,  they 
increase  with  rising  salinities.  Whether  or  not  the 
oyster  genus  Crassostrca  arose  in  the  sea  and  later 


invaded  the  estuaries,  as  Nelson's  theory  implies,  or 
originated  in  the  estuaries,  as  seems  to  be  ijuite  pos¬ 
sible,  the  benefit  derived  is  the  same  in  either  case. 
This  leads  to  another  concept,  namely,  that  organisms 
with  a  marine-estuarine  life  history,  as  outlined  above, 
have  the  distinct  advantage  of  avoiding  most  of  their 
predators  and  parasites  during  the  early  stages  of  life ; 
this  idea  was  advanced  in  connection  with  the  life 
history  of  the  white  shrimp,  Pcnacus  fluviatilis  ( Gun¬ 
ter,  1956b).  It  has  been  said  that  this  shrimp  and  the 
other  members  of  the  genus  on  the  northern  Gulf  coast 
are  prime  prey  of  all  the  large  animals  that  live  in, 
over,  or  around  the  sea.  Nevertheless,  the  younger 
stages  avoid  a  great  many  of  their  enemies  by  living 
in  the  estuaries.  Thus,  it  appears  that  the  strong 
tendency  of  the  young  of  many  coastal  organisms  to 
seek  the  lower  salinity  of  the  estuarine  waters  is  an 
adaptation  to  lead  them  into  a  nursery  ground  where 
there  are  few  enemies,  diseases,  and  parasites. 

Most  estuarine  organisms  can  live  in  or  withstand 
full  seawater  salinities,  but  they  are  limited  by  salinity 
decline  (Gunter,  1945,  1950).  This  is  not  always  the 
case,  however,  and  salinity  tolerance  varies  w'ith  the 
life  history  stage  of  the  organism.  For  instance.  June 
and  Chamberlin  (1959)  reported  that  young  men¬ 
haden  larvae.  Brevoorha  tyraunus,  develop  normally 
only  in  very  low  salinities  until  past  a  certain  stage  of 
growth ;  if  they  are  subjected  to  high  salinities  before 
this  stage,  they  develop  abnormally. 

The  lower  salinity  limit  which  an  estuarine  organ¬ 
ism  can  tolerate  de|iends  a  great  deal  upon  the  tem¬ 
perature.  In  general,  the  higher  the  tem|ierature  the 
lower  the  salinity  that  can  be  tolerated,  and  in  con¬ 
formity  with  this  principle  greater  numbers  of  marine 
organisms  invade  fresh  water  in  the  warm  parts  of  the 
earth  than  in  the  colder  parts  (  Pearse,  1950).  It  has 
been  reported  by  Remane  and  Schliei>er  (1958)  that 
the  low  |ioint  in  numbers  of  organism*  is  at  about  5  %r 
salinity  in  the  waters  of  northern  Kuro|»e.  On  the 
other  hand,  in  the  more  southerly  climes  of  the  Gulf 
coast  we  find  that  the  low  point  is  at  the  lowest  part 
of  the  salinity  gradient,  and.  in  fact,  marine  s|iecies 
predominate  in  low-salinity  estuaries  that  are  virtu¬ 
ally  fresh  water  (Gunter  and  Shell.  1958). 

Moebius  (  187“ )  supplied  the  terms  "stenohaline" 
and  'euryhaline"  for  organisms  that  cannot  withstand 
and  can  withstand  variations  in  salinity.  They  are 
gixxl  terms,  but  it  is  difficult  to  apply  them  precisely 
iiecause  there  are  many  degrees  of  eury  liability.  In 
the  l-agunu  M.-tdre  region  of  Texas.  I  took  some  small 
fish  iMcnidia  bcryllina >  in  hyperlialine  water  of 
71,3  salinity.  After  a  cloudburst,  the  salinity 
dropped  to  2.2  V<  within  several  hours  to  a  few  days, 
the  preuse  time  lieing  unknown.  The  Mcmdia  re¬ 
mained.  and  a  very  few  Cyprimuion  variegatus  also 
remained  in  greatly  reduced  numliers.  The  change 
in  osmotic  pressure  of  the  medium  was  from  about 
45  to  1.5  atmospheres.  There  are  very  few  aquatic 
organisms  except  the  air  breathers  that  can  survive 
the  abrunt  change  from  fresh  water  to  pure  sea  water 
or  the  reverse.  Such  organisms  would  lie  completely 
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eury  haline.  However,  conditions  where  such  abrupt 
changes  occur  naturally  are  quite  rare  and  it  seems 
rather  extreme  to  set  such  conditions  as  the  measure 
of  complete  euryhalinity.  Therefore,  I  have  set  the 
definition  of  complete  euryhalinity  on  a  different  base 
and  call  a  euryhaline  animal  one  which  during  its  life 
history  is  found  in  both  fresh  water  and  full  sea  water 
(Gunter,  1942a).  A  list  has  been  compiled  of  161  spe¬ 
cies  of  fishes  from  North  America  that  fall  in  this 
category  (Gunter,  1950;  Gunter  .and  Hall,  1963). 
Possibly  there  are  several  hundred  such  organisms 
in  the  world,  and  a  complete  list  may  be  prepared 
some  day. 

The  salinity  limits  at  which  many  organisms  have 
been  taken  have  been  recorded,  and  the  ranges  are 
broad.  Nevertheless,  the  salinity  range  at  which  the 
organisms  are  most  commonly  taken  may  be  small, 
compared  to  the  total  range  over  which  they  may  be 
found.  There  are  many  examples  of  the  percentages 
of  fishes  and  invertebrates,  taken  at  various  salinities 
on  the  Texas  and  Florida  coasts,  which  show  greater 
abundance  at  various  salinities.  Work  in  the  Laguna 
Madre  of  Texas  has  shown,  for  instance,  that  several 
organisms  may  be  taken  in  this  hypersaline  area  at 
salinities  up  to  80  although  they  are  common  only- 
up  to  60  %r  and  quite  rare  above  that  salinity  < Sim¬ 
mons.  1957 ). 

The  most  complete  analyses  of  this  situation,  to 
this  writer’s  knowledge,  concern  the  three  commer¬ 
cial  penaeid  shrimp  of  the  South  Atlantic  and  Gulf 
coasts  of  the  United  States.  The  data  were  collected 
by  me  in  Texas  about  twenty  years  ago,  by  Dr. 
Harold  Loesch  in  Mobile  Bay  some  ten  years  ago, 
and  during  the  past  three  years  in  all  Texas  bays  by 
the  Texas  Game  and  Fish  Commission  personnel. 

The  known  salinity  limits  of  these  shrimp  on  the 
northern  Gulf  coast  are : 

/  Vwm’Mr  flurialilis  0.42-45.0?, 

I'cnacus  azlccus  0.80-60.0?, 

1’i’nacus  duorarum  2.7  -60.0?, 

These  figures  are  front  various  sour -es.  The  upper 
limits  were  derived  from  Simmons’  (1957)  studies 
in  the  Laguna  Madre.  Both  Simmons  and  Breuer 
(  1962 )  noted  that  the  brown  shrimp.  /’.  astecus,  en¬ 
ters  waters  of  higher  salinities  than  the  pink  shrimp. 
/*.  duorarum,  but  these  are  within  the  hvpersaline 
ranges.  The  white  shrimp.  1‘cfuicus  fluvialilis,  seems 
to  lie  less  saliniphtlous  than  the  other  two  s|»ecies. 
Other  information  shows  that  the  rank  of  these 
shrimp  in  order  of  their  preference  for  low-salinity 
water  is  the  white  shrimp,  the  brown  shrimp,  and  the 
pink  shrimp.  The  pink  shrimp  is  taken  in  greatest 
abundance  in  the  Dry  Tortugas  area  of  Florida  and 
the  Bay  of  Cam|teche,  both  highly  saline  areas.  The 
brown  shrimp  is  taken  in  greatest  abundance  on  the 
dry  Texas  coast,  and  the  wh  te  shrimp  is  produced 
in  greatest  numlters  about  the  vast  estuarine  area  of 
the  Mississippi  River  (Gunter,  1962).  Salinity  is  a 
limiting  factor  to  distribution  of  shrimp,  but  it  is 


certainly  not  the  sole  limiting  factor.  For  instance, 
the  pink  shrimp,  which  is  produced  commercially  in 
the  smallest  numbers  of  these  three  species,  is  the 
only  one  found  continuously  all  around  the  coast  from 
North  Carolina  to  Yucatan.  There  are  three  discrete 
separated  populations  of  the  white  shrimp.  One  ex¬ 
tends  from  North  Carolina  to  the  St.  Lucie  Estuary- 
on  the  east  coast  of  Florida;  another  from  about 
Apalachee  Bay,  Florida,  to  south  Texas  and  north¬ 
ern  Mexico;  the  third  is  in  the  lower  part  of  the 
Bay  of  Campeche  in  Mexico.  The  brown  shrimp  ex¬ 
tends  from  North  Carolina  to  about  Miami  and  then 
picks  up  again  in  the  northern  Gulf  at  about  Apalachi¬ 
cola  Bay  and  extends  from  there  to  Yucatan.  Why 
the  white  and  brown  shrimp  are  not  found  in  the 
estuaries  of  southwest  Florida  is  unknown.  Appar¬ 
ently  their  absence  is  not  related  to  salinity. 

The  studies  referred  to  above  in  Texas  waters  and 
Mobile  Bay  relate  to  the  distribution  of  post-larval 
shrimp  at  various  salinities  within  the  bay  systems. 
In  Mobile  Bay  it  was  found  that  the  white  shrimp  are 
most  abundant  at  salinities  from  1  to  5  %c,  and  twice 
as  many  shrimp  are  taken  at  salinities  below  as  above 
15  %c.  In  the  same  area  the  greatest  abundance  of 
brown  shrimp  was  at  25  to  30  and  practically  none 
were  taken  at  salinities  below-  5  %c,  although  the 
shrimp  were  quite  abundant  between  5  and  15  ?,. 
In  Texas  waters,  the  greatest  abundance  of  white 
shrimp  was  in  the  salinity  range  of  5  to  10  %c,  and 
below  and  above  10  %c  the  average  numbers  taken  per 
haul  in  trawls  were  107  and  20  respectively.  The 
brown  shrimp  were  most  abundant  in  a  salinity  range 
of  10  to  20  %r.  Between  the  ranges  of  1  and  10  ?, 
the  average  catch  per  haul  was  19.5  and  above  sa¬ 
linities  of  10  %r  the  average  catch  was  60.9.  In  the 
Texas  catches  recorded  bv  the  Game  and  Fish  Com¬ 
mission,  97.5  percent  of  the  pink  shrimp  catch  was 
taken  at  salinities  above  18  It  appears  that  the 
distribution  of  the  young  shrimp  as  they  develop  in 
the  bays  is  quite  different  among  the  three  species 
and  follows  a  pattern  of  preference  of  low  and  high 
salinity. 

Such  preference  may  also  be  deduced  by  commer¬ 
cial  production  :  in  Texas  waters  the  average  salinity 
at  which  white  shrimp  were  caught,  including  the 
o|ien  Gulf,  was  16.00  V,  <  Gunter.  1950).  In  the  Texas 
bay  waters  alone,  the  average  salinity  was  8.8  ?,.  In 
Mobile  Bay  waters  the  average  salinity  at  which  white 
shrimp  were  caught  was  12.7  In  Mobile  Bay 
brown  shrimp  were  taken  at  an  average  salinity  of 
16.5  %, ;  in  Texas  hays  the  mean  salinity  was  18.9 
In  Texas  hays  the  average  salinity  where  pink  shrimp 
w  ere  caught  was  25.0  V,  <  Table  4 ) . 

The  salinities  in  which  these  animals  are  found  in 
the  greatest  abundance  are  considerably  more  limited 
than  the  total  range  over  which  they  live.  The  same 
thing  has  l>een  shown  many  times  for  the  invertebrates 
and  fishes,  especially  in  Caloosahatchee  Estuary  ( Gun¬ 
ter  and  Hall,  1963).  The  situation  revises  Elton’s 
idea  (  1927 )  of  many  years  ago  that  an  animal  ordi¬ 
narily  does  t  >t  invade  an  environment  where  it  can- 
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Table  4.  The  salinity  ranges,  proportions  above  and  below  15  %,  and  mean  salinity  at  which  three  species  of 
shrimp  ( Family  Penaeidae )  were  caught  in  Mobile  Bay,  Alabama,  and  in  Texas  waters;  117,349  whites, 
71,100  browns,  and  882  pink  shrimp  were  involved. 


Proportions 


Known 
salinity 
range ; 

r/6t 

Mobile  Bay 

Texas 

Mean  salinity,  all 
specimens  (%t) 

Below 

15%* 

Below  Above 
18  15  % 

Above  Below 
18  'J,t  15  % 

Below  Above 
18  '/,t  15K. 

Above 
18  56 

Mobile  Bay 

Texas 

White  shrimp 

0.42-45.0 

2 

i 

3 

2 

12.7 

8.8 

Brown  shrimp 

0.80-60.0 

4 

7 

2 

4 

<  18  > 

16.5 

18.9 

Pink  shrimp 

2.7  -60.0 

- 

- 

- 

1 

32 

- 

25.0 

not  survive  well.  This  revision  is  contrary  to  some 
ideas  that  the  wildlife  biologists  have  gained  in  the 
past  thirty  years  or  so.  They  speak  quite  often  of 
animals  living  in  “submarginal  areas”,  the  inference 
being  that  such  areas  are  not  the  optimum  but  cer¬ 
tain  individuals  are  forced  to  live  there  because  the 
good  environment  is  already  occupied.  I  believe  that 
the  same  thing  holds  true  in  the  distribution  of  estu¬ 
arine  organisms  in  the  bays  with  respect  to  salinity 
and  other  factors. 

Although  the  three  chief  commercial  shrimp  have 
somewhat  different  seasons  for  invading  the  estuaries, 
they  may  all  he  found  there  during  the  warmer 
months,  but  with  different  distributions.  The  same 
thing  holds  true  for  various  fishes.  These  animals 
are  not  spread  evenly  over  the  bays,  but  are  somewhat 
separated  because  of  salinity  and  other  factors.  Thus, 
there  are  no  barren  Iwttoms  in  the  bays.  They  are  all 
productive,  and  that  is  one  reason  why  the  whole 
estuarine  area  is  fertile. 

SOME  CYCLIC  PHENOMENA  IN  THE 
GULF  ESTUARIES 

Seasonal  changes  are  among  the  first  phenomena 
that  man  noted  concerning  animal  life.  Most  animals 
have  seasonal  variations  with  more  or  less  cyclic  or 
rhythmical  abundance  and  these  are  largely  corre¬ 
lated  with  the  breeding  cycle,  although  other  factors 
are  involved.  The  changes  in  numbers  in  fishes  in  a 
given  locality  are  brought  about  by  an  influx  of  young 
hatched  and  raised  in  the  region,  or  a  migration  of 
young  or  old  individuals  from  another  locality.  The 
young  may  be  moving  from  or  to  the  nursery  grounds. 
The  older  animals  may  be  moving  to  or  from  the 
spawning  grounds,  or  on  a  seasonal  migration  brought 
about  by  changes  in  the  environment. 

These  matters  have  been  discussed  and  their  im- 
|M>rtance  concisely  stated  by  Pearse  (1926):  "The 
annual  cycle  of  many  species  of  animals  is  made  up  of 
a  series  of  stages  in  a  characteristic  life  history  or  of 
a  characteristic  series  of  periods  of  rest  and  activity 
which  are  closely  correlated  with  seasonal  succession, 
l-ong  established  correlations  operate  in  such  a  way 
that  seasonal  environmental  changes  serve  to  stimu¬ 
late  animals  to  appropriate  activities  or  inactivities 


and  cyclical  physiological  changes  within  animals  pre¬ 
pare  them  to  react  properly  with  recurring  seasonal 
events.” 

Elton  (1927)  made  the  following  statement:  “The 
numbers  of  very  few  animals  remain  constant  for  any 
great  length  of  time,  and  our  ideas  of  the  workings  of 
an  animal  community  must  therefore  be  adjusted  to 
include  this  fact.” 

After  a  count  of  the  numbers  of  fishes  taken  in 
trawls  in  Louisiana  between  October,  1931,  and  March, 
1934  (Gunter,  1938b),  it  was  obvious  that  the  greatest 
numbers  of  an  animal  species  occur  immediately  after 
the  breeding  season  when  the  young  come  into  exist¬ 
ence.  However,  the  peak  seasonal  numbers  of  estu¬ 
arine  species  detected  depend  on  the  type  of  collecting 
gear  used  in  making  the  studies.  Elton  (1927)  made 
some  remarks  related  to  succession  which  are  appli¬ 
cable  here:  "It  is  almost  impossible  to  make  even  a 
su|>erficial  study  of  succession  in  any  large  and  com¬ 
plicated  community,  owing  to  the  ,ap|>al1ing  amount 
of  mere  collecting  which  is  required,  and  the  trouble 
of  getting  the  collected  material  identified.  When  one 
has  to  include  seasonal  changes  throughout  the  year 
as  well,  the  work  becomes  first  of  all  disheartening, 
then  terrific  and  finally  impossible."  This  is  a  rather 
pessimistic  philosophy  and  it  is  not  much  comfort  to 
the  marine  ecologist  or  zoologist  who  must  work  in 
an  area  which  is  never  simple. 

In  the  face  of  the  impossibility  of  working  out 
these  problems  (Gunter,  1938b),  such  phenomena  as 
seasonal  variation  in  abundance  should  lie  studied  and 
tlS  !**«*ItY  legitimate  conclusions  drawn  from  them  as 
possible.  I  have  stated  ( Gunter.  1938b):  "It  seems 
very  probable  that  only  by  such  forward  inching 
movements  will  the  life  histories  of  fishes  and  their 
interrelationships  with  their  environment  be  worked 
out.”  It  might  now  lie  more  accurate  to  say  that  a 
great  deal  of  information  can  be  gathered  by  such 
methods.  In  any  case,  some  interesting  information 
was  gathered  in  this  initial  attempt.  It  was  found  that, 
for  1 1  s|tecies  of  common  fishes  ",  .  .  there  was  a  re¬ 
current,  sequential  phase  in  the  life  history  or  annual 
cycle  of  the  fish,  when  there  was  a  sharp  abundance 
mode",  and  these  fell  at  certain  times  of  the  year. 
Other  fishes  had  wider  fieriods  of  increased  abun- 
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dance.  Two  species  came  and  went  at  certain  times 
of  the  year  so  that  their  arrivals  and  departures  could 
be  predicted  with  some  accuracy.  The  smaller  fishes 
were  practically  always  found  in  bay  waters,  while 
the  larger  ones  were  taken  in  the  Gulf,  and  it  was 
quite  evident  that  bay  waters  act  as  nursery  grounds. 
It  was  also  surmised  that  most  species  s|tawn  in  the 
Gulf  and  certain  exceptions  were  listed.  It  was  noted 
that  young  individuals  of  many  s|<ecies  preferred  or 
were  able  to  stand  low  temperatures  ami  salinities  of 
the  Louisiana  bays  during  the  winter  better  than  the 
older  fishes,  and  this  wiiter  (Gunter.  1938hi  stated: 

“A  very  clear  seasonal  cycle  and  seasonal  biological 
succession  was  observed  in  this  region.  There  is  a 
period  of  low  tenqieratures  during  the  winler  in  the 
bay.  In  the  winter  and  spring  the  salinities  are  quite 
low.  At  this  time  the  water  at  the  upper  part  of  the 
bay  is  practically  fresh.  The  condition  extends  some¬ 
what  to  the  outside.  On  two  consecutive  years  in  the 
late  winter  and  early  spring.  Cynoscion  ncbnlosus  was 
taken  in  the  gulf.  The  alligator  gar  was  also  taken 
in  the  gulf  during  these  months.  At  the  same  time 
the  fresh-water  catfish.  Iclalnrus  furcalus.  and  the 
river  shrimp.  .Uacrobracliinm  ohionis,  ap|>eared  in  the 
bay.  The  migration  of  the  latter  animal  into  brackish 
water  has  been  recorded  before  by  Gunter  (19.17). 
These  animals  are  probably  more  influenced  by  salin¬ 
ity  than  temperature.  On  the  other  hand  /  rophycis 
floridanus  came  from  deep  water  to  the  bay  in  winter 
and  the  only  appearance  of  Cynosciim  nothus  in  the 
bay  was  noted  in  the  months  of  Decemlier.  January 
and  May.  With  these  two  fishes  tenmerature  and  not 
salinity  was  probably  the  governing  factor. 

"During  the  winter  sharks,  jackfish  and  many  of  the 
Caranyidac  absented  themselves  from  the  bay  as  well 
as  from  that  part  of  the  gulf  explored  by  the  trawls. 
In  the  summer  as  /  ropliyns  lioriJanns,  the  fresh¬ 
water  catfish,  and  the  river  shrimp  retreat  to  their 
res|>ective  ataxies,  the  sharks,  jacks,  threadfins  anil 
others  return  to  the  shore  waters  of  the  gull.  As  the 
summer  progresses  and  the  tenq>eraturrs  and  salinity 
of  the  bay  rise  some  of  these  fishes  move  into  it  and 
remain  there  until  autumn  and  the  return  of  low  tern  - 
|ieratures.  whereu|xm  they  move  taick  into  the  gulf 
ami  later  dc|iart  for  deep  water  as  the  ruer  sin  .nip. 
fresh  water  cat.  and  I  rophy<  is  flondanus  return,  thus 
completing  a  cycle." 

In  |941  and  1942  more  r.int'ivc  studies  were  made 
■  hi  the  south  Texas  coast  over  a  |x-rnxl  of  eighteen 
months.  This  included  ta>th  invertebrates  and  fishes 
collected  by  minnow  semes.  Ix-ach  semes,  trammel 
nets,  and  trawls.  The  area  covered  meluded  two  con¬ 
necting  taiys.  one  Ixdiind  the  other,  and  tile  <-|>eti  toil* 
anti  the  Gull  beach,  1  misiderably  more  information 
was  collected  i  ( .miter  1945.  |9si»i  ami  although  in 
mam  wavs  the  seasonal  cycle  problems  wrre  clarified 
because  of  the  increasing  ileta.l  it  l>evomrs  consoler 
ahlt  more  complicated  to  desert!*- 

During  the  spring,  main  fishes  which  are  taken 
onlv  in  the  (dill  during  the  winter  or  which  are  ah 
sent  mtirrlv  liegut  to  come  into  the  tail  s  S*xne  ol  them 


gu  only  into  the  seaward  bay  and  many  that  go  into 
the  back  bay  are  taken  there  only  rarely  in  the  sum 
mer  and  fall.  At  the  same  time  several  fishes  which 
do  not  enter  the  hay  appear  in  the  ( iulf  catches  only 
in  the  summer.  Many  fishes  which  migrate  largely 
into  Gulf  waters  in  the  fall  and  are  uncommon  in  the 
bays  during  the  winter  return  in  large  numbers  in 
the  spring.  This  influx  into  the  bays  continues  through 
the  warm  months  and  some  s|>ecies  are  not  found  m 
the  hays  until  late  summer  or  fall.  Many  fishes  begin 
to  leave  the  liays  in  the  early  fall  and  winter  and  some 
of  these  are  found  in  the  Gulf  during  |K*riods  varying 
from  one  to  three  months  in  midwinter.  Some  fishes 
disapfiear  from  the  bays  entirely,  as  well  as  from  the 
shallow'  (iulf.  With  the  exception  of  the  stingaree. 
no  sharks  or  rays  are  caught  in  the  winter.  Several 
of  the  beach  fishes  disappear  in  the  winter,  and  s|>e- 
cies  that  are  taken  only  a  few  times  are  caught  only 
in  the  (iulf  during  summer.  Taking  all  migrant  s|ie- 
cies  into  consideration,  the  general  movement  to  the 
Gulf  starts  in  October  and  continues  into  December. 
Likewise,  most  fishes  return  to  the  hays  from  Febru¬ 
ary  to  April.  It  lias  been  noted  rejiealodly  that  when 
a  fish  sjiecirs  is  present  in  both  liays.  it  disap|iears 
from  tlie  taick  bay  first  and  reap|iears  there  later  than 
in  the  front  bay.  For  instance,  one  flatfish  was  not 
found  in  the  hack  hay  from  Octolier  to  May  l>ut  was 
absent  from  the  front  hay  only  from  January  to  March 

The  large  general  rxixlus  of  the  fishes  from  the 
liays  in  the  fall  is  the  most  noticeable  aspect  of  the 
seasonal  cycle.  The  rxixlus  includes  the  commercial 
shrimp  and  other  (irnacids.  However,  there  is  a 
counter-movement  of  a  few  s|>ecics  The  (iulf  hake 
ap|>ears  in  the  (iulf  and  liays  in  the  winter  after  a 
sudden  drop  in  teuqierature.  It  remains  until  (lie 
spring  when  the  teio|ierature  rises  considerably.  Iti 
mild  winters  the  fish  does  not  come  into  the  tails  at 
all.  Similarly.  .I  sjiecirs  of  sand  trout  dies  not  enter 
the  taiys  except  during  the  winter,  and  the  tonguetish. 
Symphnrns  ploymia.  is  found  there  only  during  the 
Nnvenihrr-April  |iernxl.  Thr  seatadi  shrimp  moves 
into  the  lower  hay  only  in  the  winter  Mature  mullet 
and  redfish  return  to  the  liays  .liter  x|iawnittg  in  (iulf 
waters  in  early  fall  and  they  are  followed  until  mid 
winter  by  hordes  of  voting  mullet,  croakers,  and 
redlish 

Several  s|«ecies  of  fishes,  thr  common  shrimp,  and 
the  blue  crab,  sjmwii  in  the  (  mil  near  tile  passes,  I  lie 
young  of  many  tisln-s  sjiavvnrd  ill  the  shallow  'mil 
movr  into  (lie  tatvs  in  winter  ami  spimg  am!  remain 
in  the  tans  during  thr  spring  ami  summer  Most  of 
tile  hslies  which  leave  tile  hays  when  Coo!  weather 
Ix-guis  are  thr  voting  which  have  Ixx-ti  in  this  ntirverv 
area  during  thr  warm  imxiths  I  tie  other  ntalor  Cixn 
lament  ol  thr  lafl  seaward  migration  i*  live  sju» ner > 
going  to  Ita-  i  .till 

"It  aptwars  tliat  tie-  temprrattirr  cycle  u  ctorllv 
res|««isiMr  lor  thr  seasonal  im.v  emenl  s  a  ml  other  re 
current  cyclic  activities  ol  live  fishes  under  dtwiiwion 
Thr  temperature  cvcle  i»  ilehmte  whtle  live  general 
salittilv  changes  are  not  nearlv  mi  regular  The  win 
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ter  and  spring  in  general  are  the  times  of  greatest 
rainfall  but  this  is  not  always  the  case.  A  salinity 
gradient  from  a  very  high  to  very  low  salinity  is 
more  or  less  maintained  at  all  seasons  and  a  migra¬ 
tory  animal  could  presumably  take  its  choice  so  far 
as  salinity  of  the  environment  is  concerned.  Such  a 
wide  salinity  gradient  is  on  the  other  hand  not  pres¬ 
ent  at  any  given  season  in  the  shallow'  Gulf  waters. 
In  a  few  instances  there  are  indications  that  either 
leni|>erature  or  salinity  is  clearly  more  operative  than 
the  other  factor  in  influencing  the  movements  or 
presence  of  a  species  in  a  given  envi  m merit  at  a 
given  tune,  but  mass  movements  coincide  with  the 
teni|>eraturc  cycle.  Both  of  these  imjiortant  physical 
factors,  salinity  and  temperature,  have  definite  limit¬ 
ing  and  differential  effects,  which  are  difficult  to 
separate  merely  by  observation.  Nevertheless,  it  ap- 
l>ears  that  tenifierature  is  the  chief  factor  affecting 
and  initiating  seasonal  migrations  and  other  seasonal 
cvclic  actions  of  the  fishes  of  this  coast"  (Gunter. 
1945  i. 

Pearson  (  1939 1  worked  on  the  life  histories  of 
fishes  of  the  family  Sciaemdae  in  Texas  and  gave 
some  information  on  their  cyclic  movements.  Wey¬ 
mouth  ft  al.  i  1933 1  did  the  same  thing  with  com¬ 
mercial  shrimp  in  <  iulf  and  south  Atlantic  waters. 
Tlie  earliest  observations  on  the  seasonal  phenomena 
of  marine  organisms  probably  concern  the  oyster.  On 
the  ( lull  coast  tile  oysters  get  fat  in  w inter  and  be¬ 
come  very  poor  in  the  summer  and  fall  after  they 
have  s|iawned  and  in  October  the  Gulf  coast  oysters 
are  in  |morest  condition  I  Gunter.  1943b  l.  There  is  a 
steady  improvement  until  spring  This  situation  is 
•|Uite  different  from  that  in  the  northern  (art  of  the 
oyster’s  range,  where  it  quits  feeding  and  remains  in 
a  quiescent  stale  during  most  of  the  winter.  The 
greatest  fatness  of  the  oyster  in  those  waters  occurs 
in  the  spring  and  fall  It  apjiears  that  the  fatness  of 
oysters  corres|»«n<|s  to  the  |icak  bloom  of  plankhei 
organisms  whicli  occurs  during  the  winter  on  the 
(iulf  coast  with  tail*  one  |ieak  a  year  The  food  of 
tlie  oyster  consists  chiefly  of  small  flagellates  ami  we 
know  little  about  them  they  are  virtually  inqiossiblr 
to  collect  and  handle  because  of  their  minute  sire 
and  fragile  nature  A  great  ileal  needs  to  he  dime  in 
this  field  of  basic  production,  and  probably  the  hrst 
a[ioro'  h  would  be  thrsmigh  analyses  of  rl;hiro|>h\ II 
or  other  idanl  pigments  in  the  water  There  is  a 
suggestion  that  the  |>rak  season  for  diatiwns  also  << 
curs  in  winter  in  s*mthern  waters  However,  di- 
aliwtts  are  probably  not  ini|»>rtant  av  m  strr  ioud 

KSTL  \kINK  I’nm.ATIONS 

Thirty  three  year*  ago  it  wav  inconceivable  that 
wrnir  dav  we  might  he  ahlc  to  arrive  al  fnuauUr 
rvtmiates  id  the  t<4al  populations  of  certain  important 
marine  sjicvie*  In  view  of  the  acerb-rating  increase 
m  technological  improvement*  this  attainment  mav 
he  posvihir  at  wane  time  m  :i«c  future  \ evert brlcvi 
those  inter rs*r>!  in  the  populations  of  marine  animal v 
could  do  no  better  at  that  lime  than  to  estimatr  what 


were  called  tlie  relative  "s|>ecies  mass"  of  certain 
fishes.  This  means  that  the  species  which  were  most 
abundant  were  estimated  as  one  being  more  plentiful 
than  the  other,  without  any  estimates  of  the  total 
s|iecies  mass,  t  The  term  “species  mass”  is  more  ap¬ 
propriate  than  "hiontass".  which  is  so  commonly 
used  in  ecology  for  the  total  mass  of  'ingle  sjiecies: 
it  seems  that  biomass  would  l>e  more  appropriate  to 
the  total  living  component  of  all  species  within  a 
given  environment.  *  The  first  estimates  were  based 
on  simple  counts  of  the  fishes  taken  in  trawls  on  the 
Louisiana  coast  f  Gunter.  1936,  1938a).  It  was  con¬ 
cluded  that  the  most  abundant  fish  in  the  trawl 
catches  was  the  common  croaker.  Sficrofogon  *u- 
dulatus  It  was  further  shown  that  the  most  abun¬ 
dant  families  of  fishes  consisted  of  the  Sciaenidae 
(croakers  and  drums).  Kngraulidae  (anchovies), 
Arndae  ( catfishes ).  and  (.lujiridae  (chiefly  men¬ 
haden  i  In  a  later  paper  I  Gunter.  1941  )  these  esti¬ 
mates  were  refined  mostly  on  the  basis  of  general 
observations,  and  consideration  was  given  to  the  fact 
that  mullet  and  menhaden  are  not  often  taken  m 
trawls  and  that  the  aiichovies  are  so  smalt  that  they 
generally  slip  through  the  meshes  of  the  nets.  Thus, 
it  was  estimated  that  the  order  of  greatest  species 
mass  of  tlie  most  abundant  fishes  was  (  I  »  the  an¬ 
chovy.  Anchoa  tnihhilli.  1 3 1  the  menhailcn.  Brr- 
fourth!  pafromus.  t  3  I  the  mullet.  Mugil  t  t  f'halus  and 
i4i  the  croaker.  3/ xropoy  oh  undulatus.  The  hay 
anchovy  is  found  mostly  in  low -salinity  waters,  as 
its  name  indicates,  but  .-fuckuo  hcfsi  tas  is  relatively 
just  as  abundant  at  higher  salinities  in  the  shallow 
<  iulf. 

I-atcr.  much  more  extensive  work  was  done  in 
Texas  hays  utilizing  small  minnow  nets,  trawls,  tra.r. 
mel  nets,  and  large  haul  semrs  I  Gunter.  1945 1.  It 
is  difficult  to  compare  the  rrlativr  abundance  of  the 
anchovy,  which  is  taken  in  great  numbers  only  in 
fine-mesh  nets  such  as  hohmet  cloth,  with  that  of 
tlie  redfish.  Siuu'Hofs  md/iifii,  which  can  he  caught 
only  by  large  mesh  nets  Therefore,  the  general  ob¬ 
servation*  of  tlie  somiiH-rctal  catch  and  schools  of 
fishes  were  taken  into  consivleration 

Die  estimates  of  relative  abundance  were  the  same 
as  those  given  pres  mud*  ami  tlverr  is  little  insn  to 
revive  the  estimates  during  the  ensuing  yearv.  Fur- 
tlier  tlie  ST  estimates  were  made  long  hefore  the  men 
hasten  industry  which  laiwWsI  over  a  billion  pundi 
ir««ii  Gull  waters  in  |9r»|  and  |9Ti3  »av  rslahlivhevi . 
nevertheless  tlie  menbaikri  jtrnlulilv  is  exceeded  in 
Maries  nu«  by  the  lvai  anchor*  Am,hoH  mitdnUi 
Attention  ihuW  he  railed  to  the  tac*  that  the  three 
top  »)wr*vs  as  given  are  al!  terdrfv  at  the  Save  id 
the  ftwid  chain  The  anchovy  ami  the  menhaden  are 
plank  t<*i  fmler*  and  the  mullet  eat*  the  mud  or  *nr 
face  of  the  *and  ami  even  *uck*  the  dime  front  the 
vele*  of  boat*  piling*  etc  The  croaker  eni<  to  hr 
at;  <«nminrtwo  hotVwti  (redrr 

An  attempt  to  get  wmr  ulea  or  the  relative  a  bun 
danrr  nf  shallow  mater  <  at) I  fivhe*  ma*  made  bv 
Haskett  I  I9r>|  t  who  cunrhklrd  that  the  catch  o (  the 
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trawler*  for  industrial  fishe*  (those  canned  for  cat 
food  or  reduced  to  meal  )  landing  at  Mississippi  ports 
consisted  of  about  50  percent  croakers. 

The  environment  of  the  animals  considered  here 
may  be  classified  or  divided  into  several  parts.  The 
first  large  division  is  the  Gulf  and  the  bay  or  estu¬ 
arine  region  (the  inland  salt  waters).  Apart  from 
differences  in  salinity  there  are  other  differences  be¬ 
tween  these  two  areas.  The  Gulf  waters  are  deeper 
and  are  not  subject  to  such  extreme  changes  in  tem¬ 
perature.  The  muds  of  the  Gulf  bottom  are  firmer 
than  those  of  the  bays,  which  in  some  places  are  ooze. 
The  si  tallows  of  the  Gulf  beach  are  monotonous 
stretches  of  sand  without  macroscopic  plant  life  or 
cover,  while  the  shallows  in  the  bays  are  covered  in 
places  with  grass  and  algal  growths.  This  does  not 
hold  true,  however,  for  the  waters  around  the  mouth 
of  the  Mississippi,  and  I  have  never  seen  an  algal 
bed  in  Louisiana.  The  great  marshes  of  tliat  state, 
on  the  other  hand,  cover  some  15  to  1H  thousand 
square  miles  ami  they  are  partially  flooded  by  high 
tides. 

The  hay  area  may  be  divided  into  three  jiarts.  deep 
or  offshore  waters,  oyster  reefs,  and  the  shallows  or 
inshore  waters.  The  offshore  waters  range  from  4 
to  12  feet  in  depth  ami  are  typically  mud  bottom  with¬ 
out  vegetation.  The  inshore  shallows  are  o minion! \ 
known  as  flats.  These  flats  line  live  shores  of  all 
bays  ami  may  extend  from  a  few  yards  to  over  a 
quarter  of  a  mile  in  width.  They  are  usually  around 
two  feet  deep  and  drop  off  rather  sharply  to  deeper 
water  at  the  outer  edge.  Since  the  tulal  exchange 
is  small  in  this  area,  the  flats  arc  rarely  uncovered, 
even  in  part,  hut  during  heavy  northers  the  flats  may 
become  partly  dry.  The  bottoms  of  the  flats  are  not 
alike:  some  places  are  covered  with  growth  of  algae 
and  higher  plants,  while  others  arr  hare  sand,  ooze 
like  mud  covered  with  decaying  vegetation,  or  hard 
clay-like  mini  pitted  so  that  Hie  Imttoni  resembles  that 
of  |»><»ls  waded  ami  trampled  by  livestock  Oyster 
shells  in  various  states  01  erosion  form  the  bottoms 
in  otlier  places  Over  most  «n  tlie  flats  there  is  usu¬ 
ally  ''met  <>f  Mime  kind  tor  smai!  fishes  ami  crustaceans 

The  most  numerous  fishes  on  the  hj\  flat',  shown 
b,  minnow  seine  catches  are  the  silversole.  \l,  atj m 
Vridtu  tlie  C'prititskaitnl  l  vfris-sf.’s  r urict/ufai 
tile  anchovv.  .  {*,  ft,  si  m il.kdti  the  mullet 
,,pktl m  and  tlie  csprim«lt«ilid.  7  it mf Kim  simUu 
\  ol  minders  ot  the  shrimp  .'si  j.m. t  s|>p  .  are 
firrsetil  esfevialls  ansiKig  vegrtatoci  The  hshes  Hro- 
;wiIm  pzlioMKi  ami  H  qns/tri  nn  the  western  I  .till 
tnli  i.  Itombr-.is  /  K.  uku  ftrt-j  /  mmJmlmi 

-jruwd if  U a. o'  ,  tf.au,  /  av.sf.-n  rt.-nhn^,  I,  lit 
t  ri'fisi-t  tt^M.a.'tf.  am!  I, .d’loJ.-m  f  fiof.  i  are  run 
niai.  Kit  rniKh  less  numerotls  1’iprfishrs  ami  small 
gsihses  are  p;«J*ahls  rmee  aKindant  than  the  ralches 
indicate  because  tbes  h  e  in  s»xrtAt-«*i  ami  eas>is 
rliade  s-nes  The  sardine.  //.rr**»*fw»j  tu. 

itiptkrMi.  ■%  taken  tfili  spurnliral'i  m  the  i*»ser  has 

The  two  s  Ivrrswlra.  the  cvftTinmhdt'ds.  ami  the 
fsilaetnonol  shrimp  arr  taker:  -<dv  o*»  the  cnrrtpara 


lively  narrow  strifi  of  flats  next  to  shore.  They  do 
not  inhabit  deeper  waters  where  the  salinity  and  lent 
perature  are  suitable.  A  chief  requirement  for  these 
animals  is  ample  cover  ami  protection,  which  is  not 
obtainable  in  the  deep  waters.  The  reactions  of  hid¬ 
ing  and  seeking  cover  are  commonly  observed  when 
the  small  shore  fishes  are  disturbed.  Tlie  nalaemomd 
shrimp  and  the  cyprinodontids.  with  the  rare  excqi- 
tion  of  Fmadalus  si  milts,  are  not  found  on  tlie  Gulf 
beach.  The  silverside.  M.  btryUims.  is  uncommon 
there  and  these  animals  may  be  said  to  be  typical  of 
the  hay  flats.  Certain  gobies  ami  pijwfishes  are  oc¬ 
casionally  taken  in  deep  water  in  the  hays,  but  they 
are  rarely  taken  in  the  Gulf,  and  they.  too.  may  he 
said  to  he  typical  inhabitants  of  tlie  hay  flats. 

Mullet  are  largely  shore  and  shallow-water  fishes, 
but  they  are  larger  than  the  cyprinodontids  and  sil 
versulrs  and  are  occasionally  found  in  deep  wafers, 
although  the  young  probably  do  not  normally  leave 
the  flats.  The  young  of  many  s|>ecies  of  fishes  in  the 
hay  waters,  as  well  as  young  blue  crabs,  young 
(inland  shrimp,  small  croakers,  young  menhaden,  and 
the  anchovy.  .(sc4i»i  mtlckilli.  are  found  in  thr  shal¬ 
lows  ami  outnumber  the  purely  shallow -water  sficrirs 
.-Jui/uid  mitih'Hi.  /.ji/ififiiH  rhomb, ndcs  and  Hr,-:,mr- 
lu  pslronus  wrrr  the  only  three  s|>eeies  taken  in 
about  o|U.il  abundance  in  both  deefi  and  shallow 
waters  I  he  'iiuillrr  fishes  of  tlw  last  two  s|>evir' 
were  taken  m  shallow  water  and  the  larger  fishes  m 
deef>er  water. 

l-argc  fishes  and  cralis  also  visit  tlie  flats  to  feed 
ami  practically  all  commercial  fishing  for  food  fish  is 
dime  here  with  trammel  ami  gill  nets,  trotlmes.  ami 
fHfle  ami  line.  Floundering  with  gigs  is  also  done  on 
the  flats. 

The  bottom  areas  of  deefi  water  of  tlie  lays  arc 
inhabited  by  large  mmiliers  of  croakers.  \1  „rop,H)oK 
mkJkImi*!  anclwivies.  .Ik,  host  mil,  huh  catfish,  (la- 
loukthyi  ,lts  ami  saml  trout.  l  YK.iJtioti  ar.-tnmm 
Also  common  at  times  m  this  environment  -ire  Ha,ir,- 
miriMd  I  ,-iosIomks  idHlhmrmi  Hr,-:  oorti,i.  l’,Jx dm - 
t.vfm  loHomas.  Porosoma  i  op. diammm.  I m/oduN 
rhomb,H,i,- f.  SuiKdioss  wti  .rii  jam.  amt  Urtkopristos 
,  lirys„ps,-ras  Some  of  these  fishes  are  present  itiorr 
or  less  seasonally  Hd dro  auriiu  amt  ',6  yds,  .’ffm 

tomomms  are  absent  m  the  winter  It  is  dear  that 
thr  distributions  of  fishes  in  itrrfer  waters  and  tltr 
tlats  oi  the  hiss  are  ijuitr  ttillrrml  T  Ivr  fienarid 
shrimp  I'ottdont  6m:  idtihs  is  also  sen  ilmmlant  in  thr 
ikeier  waters  -»!  tlie  fun  I  hr  Mur  crab.  (  dlltno,  lot 

Mbifn.  Is  rnuiiMi 

1  hr  sardinr  lf,tromgmid  mj.  * orlksl wj  thr  an 
clrotrs  .(  mtl,  kill,  am!  .i  koftotM i.  the  tlirradhn 
l'  \  vJ,t. 1  vi  ■  1  iv  l.nrmr  ami  small  pomfsatvo  7  rutin 
*-<»i  ,  jiiVnn  arr  thr  thirl  hshes  of  thr  shallow 
*  «u'l  !**a«  fi  Str.a'1  mullet  ami  the  rtwigh  sdsrrsnlr 
Hombtst  are  also  r>*rsn*n  at  times  In 

offshore  waters  the  thief  1-  l.ei  fi.lirs  are  the  sand 
tr-wit  t  s»i'(o.’»  Ko'kai  the  rr.sakrf  l/i,  i.  /rjiw  ■« 
dmlslmt  the  tfifeadhn  /*  n.‘>>a.-mi  the  ratfish  I. 
lot is  the  nwswifivh  l>wt'  soldpimmis  the  star  drum 
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Table  5.  The  onler  of  abundance  of  the  families  of  fishes  taken  with  various  collecting  gear  in  the  Gull 
and  in  the  bays. 


Trawis 


Gulf 


Bays 


Ml'imm  Seines 


Gulf 


Bays 


1-arge  Nets 


Gulf 

S  hallo** 


Bay 

Shallows 


Sciarititlar 

I’oiynmtidar 

Ariular 

Heterosomata 

Carangidac 


Sciacuulac 
Kngraulidar 
Ariidae 
Cluiwklar 
I  ’olynmiidae 


Kngraulkiar 

Clujirtdar 

I’olynrmidae 

Mugilklac 

CarangKlac 


Athrrimdac 
C'yprinuduntrs 
Kngrau!  idac 
Mugilidac 
ClujicHlac 


Sciaenulae 

Mugilnlae 

CarangKlac 


Sciaenklar 
Clu|>ei<lac 
Mucitklac 
Arm  lac 


S Ictl if <'r  laitceoialus,  two  flatfishes.  Sytuium  gunlen 
and  S ymphurus  plagium,  and  two  sciacnids,  l.riosto- 
iii uj  xtiHlhums  ami  Mentirirrhus  amencamu.  The 
shrimp.  I’cmtcus  fhtvialilis,  and  the  crabs,  CailmtcU's 
sapuhis  and  t  allineclcs  Jtiiuu-.  are  also  very  common 

The  mir'let,  Mugil  cephulus,  the  s[>eckled  trout. 

(  _V Hon  ion  nebuJosus.  and  the  redhsli.  Sciaem>p*  ocel- 
IjI are  the  larger  fishes  taken  most  commonly  on 
the  In)  bats.  The  most  common  larger  fishes  on  the 
Gull  Iwach  are  the  s|>ot.  I.t'toslomus  xanlhums.  the 
mullet.  St.  n'phalus.  amt  tile  stmgaree,  Ihisyatts 
uibino  i  Table  5  i 

The  fishes  ami  crustacean'  and  other  animals  It v 
mg  on  the  oyster  reels  liavc  not  lieen  stmhed  closely 
in  this  country.  The  fishes  typical  of  oyster  reefs  are 
not  active  swimmers  ami  are  equipped  for  living  in 
and  umlcr  oyster  shells.  They  attach  their  eggs  to 
oyster  sliells  so  the  developing  eggs  do  not  drift  away 
from  the  reef.  The  chief  oyster  reef  fishes  are  Op- 
mmhs  bt-lti.  (lobicsox  slmmonis.  ami  several  Mcnnies. 

Tlie  common  oyster.  I  rassoslrea  virgimta,  prob- 
aWv  lus  tlie  greatest  nuss  of  any  nHillusr  on  the 
i  lull  coast.  Buried  reel  masses  arc  <|uite  extensive 
ilown  to  30  feet,  at  ilceper  dejiths  they  become  less 
altundanl.  liut  they  are  known  to  extend  down  to  BO 
fe  t.  t  arhnn  dating  lias  shown  that  all  beds  at  depth* 
of  about  JO  teet  are  approximately  6.0UO  years  old. 
It  a|>jicars  that  tliere  was  a  rather  rapid  rise  in  sea 
level  ahout  6.(1*)  year*  ago  ami  from  that  time  on  tlie 
ovster*  lirgaii  to  fl<>uri'h  On  the  other  hand,  there 
are  vast  beds  o!  Humgui  tancu lit  in  laiuisiana  and  also 
large  fiuned  tlcposits  of  this  clam  !t  is  toond  in 
lower  sahnitv  waters  dun  tlie  oyster  am!  it  is  pos¬ 
sible  tlut.  at  least  in  lawitstana.  it  exceeds  the  ovster 
>n  »|«rv‘!rs  nu's  Mi  own  rxjdorations  luve  indicated 
that  Hamghi  ,  ami  I’oJtm.-soJa  ,  arolimiomo  are 

the  two  most  ahumlant  mini  dwelling  molluves  <*i  tlie 
» ,ull  coast,  hut  l/uf i«ia  lias  liren  reported  in  great 
.ihutulanee  in  the  Gulf  estiuries  I  lw*e  arr  the  most 
numerous  molluscs  in  the  Gull  cstu-nes.  with  the 
}■***•’  ,e  rscet>li>«l  of  l  illotima  i rre'U/a  which  nuv 
hr  i  Piers  ol  m  thousands  t«,  (he  grass  in  (he  marshc* 
Tile  hcs{  i<il»rnuti«i  iwi  five  general  distributism  of 
esfttarmr  miJruscs  is  gtsrn  in  l-add  i  I9sJ  i  ami 
Parker  ■  !:1V.  |UsQ  1W*)> 

No  ik«ilt(  the  annelid  worms  form  a  console: ahlr 
part  of  the  >tucnnei^»r  imnuli  tn  the  •  ail*  estuaries 
•  ettam  general  rrmarkv  rvuv  V  foe  .  Hofgj-et' 


i  1953 1.  I>ut  'piantitative  information  is  almost  totaliy 
lacking. 

The  abundant  animals  in  the  Gulf  fisheries  >n  the 
order  of  their  rank  arc:  menhaden,  pcnacid  shrimp, 
fishes  of  the  croaker  family,  mullet,  oysters,  and 
crabs.  Although  precise  i|uantitativc  information  on 
tlie  abundance  of  these  orgatV'ius  is  not  yet  available, 
general  observations  made  years  ago  indicated  that 
they  are  the  organisms  with  grratest  sixties  mass 
in  the  Gulf  estuaries,  and  these  olsservations  have 
ieen  siihstantiaterl  by  the  rank  of  these  sjieeirs  in  the 
commercial  fisheries  of  recent  years. 

GKNKRAI.  FACTORS  RKI.ATF!)  TO  TIIK 
FKRT1L1TV  OF  t.l  l.F  KSTI  ARIKS 

Basic  fertility  of  the  i  iulf  estuarine  waters  is 
limited  by  the  nutrients  entering  them  and.  presum¬ 
ably.  these  come  largely  from  the  land.  Wry  few 
measurements  have  been  nude  of  the  nutrients  in  the 
•  iulf  or  in  the  rivers  emptying  into  it.  Fifty -two 
analyses  of  Mississippi  River  water  by  tlie  New  Or¬ 
leans  Sewerage  and  W sir-  Board  in  191)5  ami  1906 
showed  a  nitrate  content  of  3.5  ppm  ami  a  silic  :e 
content  ol  II  |>|hii  i  Gunter.  195Jf.  Riley  i  l'*J7 1 
■mlicated  tlut  nitrogen  in  all  forms  rxerpt,  tlie  gas 
was  present  in  the  river  at  New  Orleans  m  amounts 
of  575  mg  m3  Sixteen  mg  m*  of  dissolved  phos¬ 
phorus  wav  found  m  waters  arouml  tlie  mouth  of  the 
river  am!  Riley  estimated  tlut  47.t**>  kilos  of  dis¬ 
solved  pliosplwirus  ami  4.700  kilos  of  comhimxl  |  'ms- 
pfKinis  Mowed  from  (lie  river  into  tlie  Gull  during 
a  day.  Riley  also  showed  (hat  ti'ere  was  a  large 
standing  eroji  of  phvtoplanktim  in  tlie  waters  around 
(lie  river  ami  tlut  the  ertpet  ol  river  nutrirnts  rx- 
temksl  as  tar  east  as  M.ilwlu.v  If  tlw  significance 
oi  Riles  s  stuiSes  had  l«ni  a|»prrc.alol  at  tile  lime 
thev  were  (xihlislwl  tlie  gnat  increase  m  Gult  hvh 
erics  prialuetuwt  since  tlwn  wnuM  n««t  luvr  come  a* 
a  surprise  ( hw  analvsis  Ol  water  corning  through 
tlw  Bonnet  Carre  Spdtwav  m  |Usil  i  Gunter.  fU5_t  i 
sheiwrd  the  inflowing  rimcmtrationx  nitrate*.  0  4 
I»prn  t»ho*|4saJrs.  5  3.*  ppm  ami  organ  c  nitrogen 
3  1  infill  (Hi  this  lusts  t|  was  eaVtilatr-|  that  5. 9**1 
ti«i  ol  nitrates  IK.kll  tim*  ol  |4vosplulrs.  ansi  Jl.Itgl 
Kmi  of  organic  nitrogen  were  askfrs!  r*»  tlw  I.iXItsiaru 
ami  Mississippi  waters  affected  hv  the  spillwav  Tlw 
water*  flowing  ixit  of  the  nwxith  ui  the  river  ran 
a1* all  ten  times  the  Burnet  l  arte  dnehargr  mrr  a 
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37 -day  period.  Viosca  (1938)  and  I  observed  inde¬ 
pendently  that  following  the  spillway  openings,  which 
are,  in  effect,  man-made  crevasses,  there  seems  to  l>e 
greater  production  :>i  shrimp,  oysters,  crabs,  and 
estuarine  fishes  in  the  following  years,  even  if  the 
floods  kill  some  of  the  marine  organisms.  As  far 
back  as  1912,  Louisiana  Conservation  Commission 
annual  reports  said  that  cr  vasses  were  sometimes 
“a  blessing  in  disguise"  because  they  were  followed 
by  increased  oyster  production  ( ( muter.  1952b  i. 

In  all  likelih.aal  the  chief  characteristic  of  any 
fertile  area  is  the  continuous  supply  of  nutrients.  The 
waters  of  the  Mississippi  are  not  so  rich  :n  nutrient 
salts  as  the  upwelling  waters  from  the  oceans,  but 
the  supply  is  certainlv  continuous.  On  the  other  hand, 
it  might  not  lie  safe  to  say  that  shallow  Cult  waters 
are  more  productive  than  the  offshore  waters,  at 
least  to  the  bottom  of  the  photic  zone.  Perhaps  we 
are  onl>  fishing  organisms  which  are  easy  to  capture, 
arid  this  apparent  fertility  is  really  based  on  avail¬ 
ability. 

Attempts  have  been  made  to  study  fertility  or  basic 
production  !  •  measurements  of  chlorophyll  or  meas¬ 
urements  of  carbon  incorporated  into  organic  ma¬ 
terial.  There  are  some  deficiencies  in  this  approach, 
however.  The  chlorophyll  system  does  not  necessarily 
produce  at  the  same  rate  all  the  time.  It  has  always 
been  applied  to  the  upper-water  layers,  hut  it  has 
recently  been  stated  that,  by  using  red  light,  there  is 
some  photosynthesis  ever,  at  a  few  thousand  feet. 
If  this  idea  is  correct,  the  accepted  limits  of  the 
photic  zone  will  have  to  he  changed.  Then,  too  there 
are  certain  colorless  fl:«  abates  and  bacteria  which 
can  utilize  chemical  ?  ."or  organic  synthesis  in 
the  absence  of  light,  an,.  do  not  know  how  abun¬ 
dant  these  organisms  are.  The  Institute  ,v  Marine- 
Science  in  Port  Aransas  Texas  has  carried  work 
on  productivity,  but  that  region  is  probably  not  so 
fertile  as  the  crescent  around  the  mouth  of  the  Mis¬ 
sissippi  River,  where  there  have  been  only  two  quan¬ 
titative  studies.  Daw  son  i  unpublished  data  )  found 
that  in  3,5  to  20  fathoms  of  water  the  drained  weights 
of  bottom  organisms  taken  with  a  Petersen  grab  aver¬ 
aged  only  1.4  grams.  We  thought  this  figure  was  ex¬ 
tremely  low  and  that  the  trawl  catches  were  com¬ 
pletely  different.  However,  calculations  of  the  weight 
of  fishes  and  crustaceans  taken  in  trawls,  which  may 
he  called  the  epifatina,  were  almost  exactly  the  same. 
Sitaramaiah  (  >%3  estimated  the  common  nutrient 
materials,  the  oxygen  production  per  cubic  meter,  the 
chlotophyll  content  of  phytoplankton  and  attached 
plants,  the  dry  weights  of  zooplankton  per  liter,  and 
the  dry  weight  of  the  nekton  taken  over  60  square 
meters.  The  average  dry  weight  taken  was  72.5  g 
and  the  weight  of  shrimp  alone  was  12  8  g. 

i  mentioned  above  that  we  are  not  sure  of  tiie  rela¬ 
tive  productivity  of  the  inshore  and  offshore  waters 
of  the  < '.ill f.  hut  there  is  a  little  information  indicating 
that  the  bottom  fauna  is  richer  inshore.  In  the  work 
referred  to  above,  Dawson  found  that  the  mean  weight 
of  living  organisms  in  Petersen  grabs  from  3.5  to  4 


Kstuarv  during  a  biological  ilivcstiga  sjii  and  the  fresh¬ 
water  discharge  into  the  area  through  the  St.  Lucie  Canal 
( in  cubic  feet  per  second  ). 

fathoms  was  3.5  g.  while  at  depths  greater  than  4 
fathoms  the  figure  was  0.8  g.  Ragan  (19 62 1  found 
tiiat  the  weight  of  bottom  fish  trawled  over  a  three- 
mile  distance  averaged  213  pounds  at  ?yt  tathoms. 
151  at  15  fathoms.  163  at  25  fathoms,  and  87  at  45 
fathoms. 

We  arc  not  sure  what  part  salinity  plays  in  the 
fertility  of  the  coastal  bays.  The  animals  entering 
these  waters,  however,  would  probably  have  fewer 
predators  during  their  earlier  life  stages  than  when 
they  retnrn  to  the  sea.  In  this  connection,  Figure  3 
illustrates  an  artificial  situation  in  the  St.  Lucie  Es¬ 
tuary  on  the  east  Florida  coast.  During  certain  years 
the  Corps  of  Engineers  is  required  to  lower  the  level 
of  Lake  Okeechobee  for  the  prevention  of  hurricane 
damage  and  when  this  influx  of  fresh  water  corre¬ 
sponds  with  the  breeding  reason  of  the  anchovies, 
mullet,  menhaden,  and  croakers,  the  abundance  of  the 
,»oung  of  these  fishes  mounts  in  a  striking  manner. 
Probably  both  the  lowered  salinity  and  the  influx  of 
nutrient  salts  and  organic  nutrients  play  a  consider¬ 
able  part  in  this  phenomenon.  In  considering  the 
matter  of  estuarine  fertility,  I  should  like  to  mention 
the  recent  remarks  of  Harvey  R.  Hullis,  who  has  ex¬ 
plored  the  northern  coast  of  South  America.  He 
noted  that  the  coastal  waters  between  the  Orinoco 
and  the  Amazon  Rivers  are  estuarine  to  a  hundred 
miles  offshore,  and  that  they  are  very  shallow.  This 
suggests  that  the  area,  whenever  developed,  is  going 
to  be  in  strong  competition  in  fishery  production  with 
the  northern  (itilf  of  Mexico. 

There  are  indications  that  animals  such  as  the 
various  species  of  penaeid  shrimp  develop  in  different 
areas  in  the  este  tries.  These  animals  seem  to  enter 
the  hays  at  different  periods  and  are  thus  somewhat 
isolated  from  one  another,  thereby  avoiding  competi¬ 
tion.  Tbe  bay  bottoms  are  in  continuous  use.  so  to 
speak.  It  appears  that  a  high  rate  of  basic  production 
continues  over  the  whole  year  and  is  not  limited  by 
low  temperatures. 
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It  has  been  pointed  out  by  ecologists  that  anaerobic 
bacteria  could  utilize  food  resources  not  available  to 
other  organisms.  The  supply  of  organic  materials 
in  the  muds  of  the  (iuif  coast  is  tremendous.  Accord¬ 
ing  to  I’riddy  el  al.  (  1955  I.  the  upper  layer  of  sedi¬ 
ments  in  the  Mississippi  Sound  have  an  organic  con¬ 
tent  of  about  6.8  jiercent.  The  same  authors  found 
that  in  five  samples  with  an  organic  content  of  4.3 
percent,  the  combined  amino,  nitrate,  and  nitrite  ni¬ 
trogen  was  0.118  percent.  Analyses  of  phosphates 
were  not  made,  It  is  obvious  there  are  millions  of 
tons  of  organic  materials  and  nitrogen  compounds  in 
the  sediments  of  Gulf  coast  estuaries.  The  boring 
and  tunneling  action  of  the  infauna  and  the  scouring 
action  of  floods  and  storms  permit  this  material  to  be 
reworked  and  brought  to  the  surface.  Man-made 
canals,  channels,  and  dredge-cuts,  as  well  as  the  dis¬ 
turbance  caused  by  boats  and  trawls,  enhance  the  re¬ 
working  process.  Hut  what  |>ercentage  of  the  sedi¬ 
ment  is  reworked  after  burial  is  not  known. 

knowledge  of  basic  fertility  on  the  Gulf  coast  is  in 
a  very  primitive  state.  We  Give  large  fishery  re¬ 
sources,  some  of  which  are  u  .  J.  We  know  that  large 
amounts  of  organic  and  mineral  nutrients  are  brought 
down  by  the  rivers,  but  we  do  not  know  how  much : 
we  know  little  of  seasonal  characteristics  hut  we  sus¬ 
pect  that  the  shallowness  of  the  waters  enhances  the 
activity  of  photosynthetic  organisms.  Unfortunately. 
<|uantitative  information  on  the  most  fertile  part  of 
the  Gulf  coast  is  practically  nil.  We  suspect  that  the 
organic  materials  buried  in  the  sediments  act  as  a 
reserve  food  supply  for  estuarine  organisms.  We 
believe  that  wc  can  perceive  dimly  most  of  the  most 
important  factors  concerned  with  the  richness  of  the 
Gulf  estuaries,  hut  most  of  the  work  which  will  lead 
to  real  understanding  of  the  situation  remains  to  be 
done. 
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The  West  African  coast  extending  from  Senegal  in 
the  west  to  Cameroun  in  the  east  (Fig.  1),  approxi¬ 
mately  between  4*  and  15°  N  and  10”  E  and  20°  W, 
is  indented  by  a  number  of  rivers  and  lagoons.  The 
salinity  in  the  Gulf  of  Guinea  is  greatly  affected  by 
the  effluents  from  these  rivers  and  lagoons;  dilution 
is  at  its  maximum  during  the  rainy  season  of  May 
to  October,  the  season  being  longer  in  certain  areas  in 
the  eastern  region  of  the  coast.  The  greatest  dilu¬ 
tions  occur  in  the  Bight  of  Biafra  where  there  is  very- 
heavy  precipitation,  in  the  Bight  of  Benin  in  connec¬ 
tion  with  the  Niger  effluents,  and  off  the  Liberia- 
Sierra  Leone  coast.  Though  information  on  salinity- 
conditions  is  incomplete,  it  is  clear  that  estuarine  con¬ 
ditions  exist  in  the  Gulf  of  Guinea  at  varying  dis¬ 
tances  from  the  shore,  at  least  during  the  rainy  season 
and  the  periods  of  flood  in  the  rivers  emptying  into  it. 
The  effect  is  detected  as  far  as  the  continental  edge, 
even  on  the  Guinea  shelf  where  this  is  relatively  far 
offshore  (Postel,  1955).  L.onghurst  (1963)  gives  the 
offshore  salinity  gradient  west  of  Cape  Sierra  Leone 
as  follows ; 

10  miles  from  shore  24.8 
30  miles  from  shore  27.5 
50  miles  front  shore  30.2 
75  miles  from  shore  32.8  (  at  continental 

edge ) 

A  transect  from  Lagos  to  Calabar,  around  the  Niger 
Delta,  worked  by  HMNS  Nigeria  from  July  19th  to 
20th.  1961,  showed  that  salinities  fell  rather  abruptly 
to  the  west  of  the  Benin  Rivi.-  from  about  34.9 
to  a  minimum  of  27.1  */,,  off  the  Dodo  River  (Long- 


Fig.  1.  Map  of  West  Africa  showing  tlte  major  estu 
arine  areas. 


hurst,  1962).  There  w-as  increase  in  values  farther 
east  up  to  a  maximum  of  32.5  %c  off  Brass  and  then  a 
slow  decline  to  28.9  %c  off  Calabar  in  the  Bight  of 
Biafra.  The  cruises  of  the  Ontbango  in  the  Bight  of 
Biafra  and  to  the  south  of  Fernando  Po  in  October. 
1959,  recorded  salinities  of  only  20  %r.  At  Pointe- 
Noire,  salinities  between  25  and  26  %r.  have  been 
observed  in  March  (Collignon,  1955).  Watts  (1958) 
recorded  salinities  below  20  %c  off  Cape  Sierra  Leone 
in  September. 

ESTUARIES  OF  RIVER  SYSTEMS 

The  Niger  Estuary  is  the  most  extensive  on  the 
West  African  coast  and  covers  about  3,400  square 
miles,  of  which  about  2,815  square  miles  consist  of 
saline  mangrove  swamps  subject  to  tidal  flooding.  The 
total  mean  freshwater  discharge  through  the  estuary 
is  estimated  to  be  about  250,000  cubic  feet  )>er  sec¬ 
ond,  the  maximum  quantities  flowing  through  the 
tributaries  of  the  Ramos  and  Nun  Rivers  (25  and 
24  percent  respectively).  Forcados  and  Sengana 
Rivers  together  convey  30  percent  of  the  Niger  dis¬ 
charge.  The  salinity  regime  in  the  estuary  varies 
with  the  amount  of  freshwater  discharge  and  the 
volume  of  tidal  flow.  During  the  months  of  heavy- 
floods,  the  estuarine  water  lias  been  observed  to  be 
essentially  fresh  even  near  the  mouths  of  the  distribu¬ 
taries  of  the  river.  The  maximum  salinity  recorded 
in  any  part  of  the  estuary  is  28  %,  very  near  the  river 
mouth  at  high  tide.  Dry  and  wet  seasons  account  for 
the  main  variations  in  salinity. 

The  Volta  Estuary  is  the  other  large  estuarine 
area  in  the  region  and  is  associated  with  the  Keta 
Lagoon.  The  estuary  of  the  Rokel  River  in  Sierra 
Leone,  known  as  the  Sierra  Leone  River,  is  about 
1(X)  square  miles  in  area  with  a  maximum  depth  of 
98  to  132  feet  near  the  southern  siiore.  The  upper 
reaches  merge  into  a  maze  of  creeks  and  channels 
fringed  by  large  areas  of  mangrove  swamps.  De¬ 
tailed  studies  have  shown  that  the  salinity  in  the 
estuary  fluctuates  between  mean  values  of  about  15  V, 
in  August-October  and  33  %r  in  April-May  (  Bain- 
bridge,  1960;  Watts,  1958).  The  vertical  salinity  gra¬ 
dient  is  correlated  with  the  tidal  range  as  well  as  the 
rate  of  river  discharge.  During  the  wet  season,  strati¬ 
fication  is  pronounced  at  neap  tides  and  is  slight  dur¬ 
ing  spring  tides. 

Studies  have  lieen  made  of  the  standing  crop  of 
phytoplankton  in  the  Sierra  Leone  River  (Bain- 
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bridge,  1960).  During  and  immediately  af'er  the  wet 
season,  from  late  July  to  the  end  of  December,  there 
was  a  dearth  of  phytoplankton  within  the  estuary  and 
the  bulk  of  suspended  vegetation  consisted  of  small 
littoral  diatoms.  A  high  standing  crop  of  phytoplank¬ 
ton  developed  during  January,  as  the  rate  of  river 
outflow  diminished,  and  persisted  until  mid-July,  after 
the  onset  of  the  rains,  when  it  declined  considerably. 
Large  diatoms  of  the  genera  Actinocydus  and  Cos- 
nnodiscus  contribute  the  bulk  of  this  standing  crop. 
Assessments  of  pigment  from  net-caught  phytoplank¬ 
ton  gave  a  mean  of  19,057  Harvey  units /ma  for  the 
period  from  January  to  July  compared  with  a  mean 
of  353  units  /m*  from  August  to  December. 

Fluctuations  in  the  quantity  and  composition  of  the 
zooplankton  were  clearly  correlated  with  seasonal 
changes  in  the  volume  of  freshwater  discharge.  The 
total  numbers  of  zooplankton  per  unit  volume  were 
generally  low  from  late  July  to  the  end  of  December. 
The  copepods.  femora  /urbina/a  and  Schmackiria  scr- 
ricaudatus,  were  the  two  most  common  rorms  for 
much  of  the  year.  The  larvae  of  benthic  and  littoral 
invertebrates  constituted  a  relatively  high  proportion 
of  the  total  zooplankton. 

Longhurst  I  1959 )  has  recorded  a  high  production 
of  benthic  biomass  in  the  Sierra  Leone  Estuary.  As 
an  example,  he  gives  the  concentration  of  the  po- 
Ivchaete,  I’cclinaria  sourci,  as  7.680  m2.  which  is  far 
greater  than  that  found  on  the  Guinea  shelf.  Besides 
the  estuaries  mentioned  above,  there  are  extensive 
estuarine  areas  in  I'ort  Guinea,  and  the  estuaries  of 
the  Gambia  and  Cassamance  Rivers  are  of  consider¬ 
able  importance  from  the  point  of  view  of  fisheries. 
Very  little  is  known  about  hydrobiological  conditions 
of  these  estuaries. 

LAGOONS 

There  are  a  number  of  fairly  large  lagoons  on  the 
coast  of  Liberia.  In  two  main  regions  of  the  West 
African  coast,  one  the  Ivory  Coast  and  the  other  ex¬ 
tending  from  the  Volta  River  to  the  Niger  Delta,  a 
lagoon  system  exists  behind  the  barrier  beach.  These 
are  located  at  an  angle  of  about  45”  to  the  dominant 
and  prevailing  southwest  wind  (  Webb,  1958). 

The  extensive  lagoon  in  the  Ivory  Coast,  with 
Abidjan  at  its  center,  is  fed  by  a  number  of  large 
rivers.  On  the  Ghana  coast  the  more  important  ones 
arc  the  Keta  and  Angaw  Lagoons  connected  to  the 


Volta  Estuary  and  the  Juen  Lagoon.  The  Keta  La¬ 
goon  is  about  8.5  square  miles  in  area,  is  relatively 
shallow,  and  its  area  fluctuates  considerably  in  rela¬ 
tion  to  the  water  level  in  the  Volta.  To  the  east  of 
this  is  the  lagoon  system  traversing  the  Dahomey 
Gap — a  region  where  the  coastal  forest  belt  is  inter¬ 
rupted  by  savannah  country  with  few  rivers  of  any 
size.  The  most  important  of  these  are  Lake  Nacoue 
and  the  I’orto  Novo  Lagoon.  The  largest  of  the  la¬ 
goon  systems  on  the  coast  extends  for  about  160  miles 
from  Cotonou  in  Dahomey  to  the  western  edge  of  the 
Niger  Delta  in  Nigeria  (  Fig.  2).  The  lagoon  borders 
the  forest  belt  and  a  number  of  fairly  large  rivers 
join  it.  It  is  in  communication  with  the  sea  at  Coto¬ 
nou  and  at  Lagos.  The  lagoons  in  areas  where  there 
are  few  rivers  draining  the  mainland  are  generally 
greatly  elongated  and  narrow,  connected  with  the  sea 
through  shallow  and  widely  separated  inlets.  Such 
lagoons  are  generally  more  brackish  than  those  fed 
by  large  rivers.  The  river-fed  lagoons,  like  those  of 
the  Ivory  Coast  and  western  Nigeria,  form  wade 
sheets  of  shallow  water  and  extend  farther  inland. 
Water  in  these  lagoons  is  practically  fresh  in  areas 
beyond  major  tidal  influence.  Hill  and  Web*’  '1958) 
have  made  observations  on  the  hydrological  features 
of  the  Lagos  Lagoon.  The  salinity  shows  both  a  di¬ 
urnal  fluctuation  due  to  tidal  effects  and  much  greater 
seasonal  changes  caused  by  the  influx  of  fresh  water 
in  the  rainy  months.  During  the  dry  season  from 
November  to  March,  the  salinity  in  the  Lagos  Harbor 
is  high,  and  brackish  conditions  extend  up  to  about 
20  miles  inland  from  Lagos.  From  April  to  October, 
which  is  the  rainy  season,  the  salinity  falls  and  almost 
freshwater  conditions  prevail. 

FISH  AND  FISHERIES 
Estuarine  Fishes 

Fishes  commonly  caught  in  West  African  estuaries 
are  listed  in  Table  1.  As  a  single  species,  the  honga 
(West  African  shad),  lillimalosa  dorsalis  (Cuvier 
and  Valenciennes),  probably  accounts  for  the  maxi¬ 
mum  production  in  the  estuarine  waters.  Bainbridge 
(  1964)  has  described  the  distribution  and  abundance 
of  the  species  on  the  West  African  coast.  It  supports 
an  important  inshore  fishery  along  the  ria  coastline 
with  a  network  of  wide  shallow  estuaries  stretching 
from  the  Saloum  Estuary,  southern  Senegal,  to  the 
Sherbro  River,  southern  Sierra  Leone.  It  is  abun¬ 
dant  at  the  mouth  of  the  Senegal  River  ( Hostel. 
1950),  considerable  catches  being  made  from  the  Sa¬ 
loum.  Djomhoss,  and  Cassamance  Estuaries.  Hick- 
ling  I  1950)  has  reported  it  to  lie  an  abundant  fish 
in  the  Gambia  Estuary  and  confluent  creeks.  In 
Guinea  it  is  caught  in  the  coastal  waters  as  well  as 
in  estuaries  like  those  of  the  Duhreka.  Konkoure.  and 
Bofa  Rivers.  In  Sierra  Leone  it  is  taken  in  the 
coastal  waters  off  Shenge  and  in  the  Searcies  Sierra 
Leone,  and  Sherbro  Estuaries  ( Longhurst,  1960a.  b). 
The  species  forms  the  mainstay  of  fishermen  along 
the  coast  and  the  estuaries  of  the  delta  region  of 
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Nigeria  and  is  intensively  fished  in  the  wide  estuaries 
of  the  Cameroun  Kepublic.  Even  though  the  fish  is 
scarce  on  the  coastline  from  the  Sierra  Leone- 
Lilierian  border  to  the  west  of  the  Niger  Delta,  it 
provides  fisheries  of  importance  in  areas  where  there 
are  extensive  brackish-water  lagoon  systems  such  as 
those  found  near  Abidjan  on  the  Ivory  Coast,  Cotonou 
in  Dahomey,  and  Lagos  in  Nigeria.  In  Cameroun  it 
is  fished  for  mainly  in  the  vicinity  of  the  Sanaga  Delta 


i  Ducroz,  1957).  Bonga  fishing  is  done  throughout 
the  year  in  most  areas,  except  in  certain  regions  like 
the  coastal  waters  of  Guinea  and  Cameroun.  Reliable 
statistics  of  landings  are  not  available  for  the  whole 
region.  Landings  are  estimated  to  be  about  1,700 
metric  tons  from  the  Joal  area  and  roughly  3,000  tons 
from  the  Saloum-Djoniboss  area  (  Blanc,  1957 ;  Main- 
guy  and  Doutre,  1958).  At  the  Conakry  market  in 
Guinea  about  400  tons  of  the  bonga,  comprising  about 


Table  1.  Fishes  commonly  caught  in  West  African  estuaries. 

BELOX1IME 


lielone  houttuyni  ( Walbaum) 
Stmnyylura  crocodila  I-e  Suer 


I'RISTIDAK 

Prislis  perotleli  M idler  and  Henle 

TRYGONIDAE 
Try  yon  pastinaca  (  Linnaeus) 

Tryyon  maryarita  Giinther 

ELOPIIME 

Meyalops  atlanticiis  Cuvier  and  Valenciennes 
Mops  loeerlo  Valenciennes 
Mops  sencyalensis  Regan 

CLUPKIDAE 
Pcllonula  vorax  Giinther 
Hlhnuilosa  dorsalis  ( Cuvie/  and  Valenciennes) 
Cyiwthrissa  ansoryii  <  Boulenger) 

II  is  ho  africana  (  Bloch  ) 

Sardinella  aurtla  Cuvier  and  Valenciennes 
Sardinella  cba  Cuvier  and  Valenciennes 
linyraulis  cncrasirolus  Linnaeus 

OSTEOGLOSSIDAE 
llelcratis  nilolicus  Khrenbaum 

CHARACIDAE 
Hcpsctus  odor  ( Bloch) 
llydrocyon  brevis  Giinther 
Alestes  nurse  Riipiwll 
CITHARINIDAE 
Citharimis  citharus  (jeoffroy 
Citharinus  talus  Muller  and  Troschel 
Distichadus  rostratus  Giinther 
CVPRINIDAE 

Labco  sencyalensis  Cuvier  and  Valenciennes 
SII.URIDAK 

Tarhysurus  yambrnsis  Bowdich 
Tarhysurus  Iteudeloli  Cuvier  and  Valenciennes 
Tarhysurus  latiscutalus  (Giinther) 

BAGRIDAE 
(.  'hrysirhlhys  auratus 
Chrysiclithys  walkcri  Giinther 
Chrysirhlltys  niyrodiyitatus  (  Lacepede ) 

SCHILBEIDAK 
Srhilhr  tttyslus  (Linnaeus) 
liulropius  nilolicus  Rup|iell 
liulropius  mentatis  Boulenger 
liulropius  mirropoyon  Trewavas 
1‘hysallia  pcllucida  Boulenger 
CLARIDAE 

Clarias  lasrra  Cuvier  and  Valenciennes 
I Iclcrobranchus  lonyifilis  Cuvier  and  Valenciennes 

MOCHOCIDAE 
Synodontis  mrlanaplcrus 
Synodonlis  srhall  Bloch  and  Schneider 
ECHKLIDAK 
l‘aramyrus  plumbous  (C'o|>e) 

OPH1CHTHIDAK 
Ophirhthus  srmirintus  (  Ricliardson) 

Carrula  ccphalopcllis  (Bleeker) 


HEMIRAMFHIDAE 
Hyporamphus  wrhryeh  Bleeker 

CVPRLNODONTIDAE 
Epiplatys  sexfasriatus  Gill 
Aplorheiltrhlhys  spile, lauehena  (Dumeril) 
Aplacheiliehlhys  tnacrurus  (Boulenger) 

CENTROPOMIIME 
Tales  nilolicus  i  Linnaeus) 

SPHYRAENIDAE 
Sphyraena  sphyraena  (Linnaeus) 

Sphyraena  yauchancho  Cuvier  and  Valenciennes 

SYNGNATHIDAE 
Doriehthys  smithii  (  Boulenger) 

MUGIL1DAE 
Mu  yd  hoefleri  Steindachner 
M it f/il  faleipinnis  Cuvier  and  Valenciennes 
Muyil  yrandisquamis  Valenciennes 
Mu  f/il  ccphalus  Linnaeus 
Muyil  capita  Cuvier 
Muyil  auratus  Risso 
Muyil  brasiliensis  Agassiz 

POLYNEMIDAE 
C, alcaides  dccadaclyllus  (  Bloch) 

Polynemus  quadrifilis  (Cuvier  and  Valenciennes) 
Penlaneinus  quinquarius  Linnaeus 

BOTH  I  DAE 

Citharichthys  stamp flii  (  Steindachner  ) 
SOLEIDAE 

Soldi  trinphthalma  (Bleeker) 

Synaplura  lusilanica  Capello 

CYNOGLOSSIDAE 
(  ynoylossus  scncyalcnsis  (  Kaup) 

SKRRAMDAE 

Ccpluilopholis  tacniops  (Cuvier  and  Valenciennes ) 
Hpincphclus  adieus  Geoff roy  Saint-Hilaire 
P.pinephdus  yorcensis  Cuvier  and  Valenciennes 
P.pinephchts  yiyas  Giinther 
Rypticus  saponaccus  (  Schneider ) 

CARANGIDAE 
Caranx  hippos  (  Linnaeus) 

Caranx  crysos  (  Mitchell) 

Caranx  sencyallus  Cuvier  and  Valenciennes 
Scyris  alcxandnnus  ((jeoffroy  Saint-Hilaire) 

I  ’ inner  setapinnis  (  Mitcliell ) 

Chloroseombrus  rhrysurus  (  Linnaeus) 
l.iehia  ylauea  Linnaeus 
l.iehia  amis  Linnaeus 
Traehiiwlus  ylaucus  (  Linnaeus) 

Trai  hinolus  falealus  (  Linnaeus ) 

Traehinolus  yorcensis  Cuvier  and  Valenciennes 


(Continued  on  next  page) 
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CICHLIDAE 

Hemichromis  faseiatus  Peters 
Hemichromis  bimaculatus  (Jill 
Pelmatochromis  gucntheri  Sauvage 
Tilapia  melanopleura  Dumeril 
Tilapia  heudeloti  (Dumeril) 

Tilapia  sillii  ((iervais) 

TRICHIURIDAE 
Trichiurus  lepturus  l.innaeus 

SCOMBRI  DAK 

Scomberomorus  maculatus  ( Mitcliill) 
Cybium  I  r  it  nr  Cuvier  and  Valenciennes 

ELEOTRIDAE 
FAcotris  tebreton<  Steimlachner 
Hlcotris  senegatcnsis  Stcindachner 
FAcotris  dayanensis  Steimlachner 
Hlcotris  vittata  Dumeril 
Hannoichthys  africana  Steimlachner 
GOBIIDAE 

Buthyyobius  soporator  ( Valenciennes) 
Acentroyobius  schlcgclii  (Giinther) 
Oxyurichthys  occidcntalis  (Boulenger) 
Gobi  aides  ansoryii  Boulenger 
Cabins  casamancus  Rochebrunc 
Gobionellus  lepturus  (I'faff) 

PKRIOPHTHALMIDAK 
Periophthalmus  Itoclrcutcri  (Pallas) 

B  ATRACHOI D  IDA  K 
Batrachoides  libcricnsis  ( Steimlachner) 
TKTRODONTI  DAK 
Tctrodon  pustulatus  Murray 
Layoccphalus  lacviyatus  Linnaeus 
POI.V  PTKRIDAK 
Palyplcrus  cndlcchcri  Heckcl 


Table  1. 

LUTJANIDAE 
Lutjanus  agennes  Bleeker 
Lutjanus  eutoctus  Bleeker 
Lutjanus  goreensis  (Valenciennes) 

Lutjanus  guineensis  Bleeker 
Lutjanus  dentatus  Dumlril 

POMADASYIDAE 
Pomadasys  jubclini  (Cuvier) 

Pomadasys  peroteti  ( Cuvier  and  Valenciennes ) 
Pseudopristipoma  macrolepts  (Boulenger) 
Brachydeulerus  auritus  (Cuvier  and  Valenciennes) 

LOBOTIDAE 
Lobotes  surinamensis  (Bloch) 

GERRIDAE 

Gcrres  tnclanoplerus  Bleeker 
Gerrcs  nigri  Gunther 
Gcrres  octatis  Bleeker 

SCIAENIDAE 

Cynoscion  seneyalla  (Cuvier  and  Valenciennes) 
Cynoscion  tnacrognathus  (Bleeker) 

Sciaena  epipercus  (Bleeker) 

Seiaena  niyrita  (Cuvier  and  Valenciennes) 

U mbrina  cirrosa  (  Linnaeus ) 

Larimus  clonyatus  (Bowdich) 

Pscudotolithus  brachyynathus  (Bleeker) 

P seudotnlithus  scncgalensis  (Valenciennes) 

NANDIDAK 

Polycentropsis  abbreviata  Boulenger 

MONODACTYLIDAE 
Psettus  sebae  Cuvier 

EPHIPP1DAE 

Cliaetadipterus  lippei  Steimlachner 


65  percent  of  the  total  landings  bv  canoe  fishermen, 
are  landed  (Moal,  1957;  Sahrhage,  1961;  Rainbridge, 
1964).  The  annual  production  in  Canieroun  is  esti¬ 
mated  to  be  about  3.(XX)  tons  of  dried  bonga. 

Next  in  importance  to  the  bonga  in  many  areas  are 
prawns  and  shrimps.  Tlu  extensive  mudbanks  of  the 
Bight  of  Riafra  support  a  rich  prawn  population  and 
Canieroun  derives  its  name  from  the  important  in¬ 
digenous  prawn  fisheries  of  its  coast  and  estuaries. 
Penaeus  (Lwrarum  Burkenroad  is  the  most  common 
and  important  prawn  of  the  estuarine  waters.  In  the 
Niger  Delta  appreciable  quantities  of  this  prawn  are 
caught  in  various  traps,  especially  during  the  dry 
months.  Another  prawn  of  importance  in  the  estu¬ 
aries  is  Parapcnaeopsis  athintica  Balss.  Small  shrimps 
of  the  genus  Macrobrtu  Ilium  are  also  landed  in  large 
quantities. 

Miller  t  1957  i  has  recorded  the  occurrence  of  large 
schools  of  Sardinclla  and  other  fishes  in  the  lagoons 
and  river  mouths  in  Liberia,  from  Novemlier  to  Janu¬ 
ary.  Crabs  are  found  in  abundance  throughout  the  estu 
arine  area,  especially  in  the  swamps.  The  calling  crab 
(  Gcltisilnus  spp  l  and  the  hairy  lagoon  crab  (.SVjorwiu 
spp. )  are  not  generally  eaten,  but  the  blue-legged  la¬ 
goon  swimming  crab.  Callinecles  latimanits  Rathbun. 
is  caught  in  large  numbers  for  consumption. 

Even  though  the  salinity  of  the  waters  in  the  Niger 
Estuary  is  very  low  for  most  of  the  year.  s|»ecies  of 


marine  origin  predominate  in  the  catches  throughout 
the  year.  The  snappers  i  Lutjanus  spp.),  the  barra¬ 
cuda  I  Sphyraena  spp.).  the  grunters  ( Pomadasys 
spp.).  the  cat  fishes  ( Taehysurus  spp.).  croakers 
( Otolitliiis  and  Seiaena  spp.),  threadfins  ( G  alcaides 
and  Pcntancmus  spp. ),  and  grey  mullets  ;  Mugil  spp. ) 
are  predominant  in  the  catches  almost  throughout  the 
year.  Longhurst  reports  (unpublished)  tha  trawling 
in  the  Lagos  Lagoon  showed  that  in  the  d.’v  sea;., in 
the  demersal  fauna  is  dominated  by  1’olyncniiis  quad- 
rifilis.  h pine plicl its  adieus,  Flops  laccrta,  Sphyraena 
sp..  Pomadasys  jubeleni,  and  large  numbers  of  fresh¬ 
water  catfish.  Clirysichthys  nigrodiyilatus.  Trawling 
in  the  same  area  during  the  height  of  the  rainy  sea¬ 
son.  when  the  water  was  virtually  fresh,  showed  the 
same  catch  composition  with  the  addition  of  the  fresh¬ 
water  s|iecies,  Seliilbe  myslus.  In  the  estuaiine  waters 
of  <  ihana,  also,  the  marine  species  predominate  in  tlu 
fish  fauna.  The  horse  mackerel  ( Carattx  hippos) 
supports  a  fishery  of  some  importance  in  the  Volta 
Estuary  and  it  migrates  into  the  freshwater  areas  of 
the  river.  The  grey  mullets  that  migrate  from  and 
to  the  sea  afford  lucrative  fishing  in  the  Keta  Lagoon 
m  ( ihana. 

Tilapia  spp.,  along  with  other  cichlids  that  can 
tolerate  variations  in  salinity,  are  caught  from  the 
estuaries  and  surrounding  saline  swamps  throughout 
the  year  all  over  the  West  African  coastal  zone. 
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Fig.  3.  Fishing  with  cast  net  in  the  Niger  Estuary. 


Many  freshwater  species  of  fishes  like  the  tiger  fish 
(  Hydrocyon  brevis),  and  catfishes  (  Chrysichlltys  spp. 
and  Eutropius  spp.  I.  occur  in  the  catches  from  the 
estuaries  of  the  Niger  and  Volta,  hut  not  in  signifi¬ 
cant  <|uantities. 

Two  groups  ot  shellfishes  contribute  significantly  to 
fowl  production  in  the  estuarine  areas  of  West  Africa, 
especially  in  the  Niger  Delta  and  coastal  areas  of 
Liberia.  In  the  mangrove  swamps,  the  mangrove 
oyster  (  Oslrea  I ul i pa  Lamarck)  grows  in  great  pro¬ 
fusion  attached  to  the  aerial  roots  of  mangroves  and 
other  substrata.  Miller  (1957)  has  reported  the  oc¬ 
currence  of  large  “deep  water  oysters"  in  Liberian 
estuaries.  These  oysters  are  regularly  collected  for 
consumption  by  the  local  inhabitants.  Similarly,  at 
low  tides  innumerable  numbers  of  periwinkles,  Tym- 
ptiiiotonus  jiisealus  Linnaeus  and  7  ympanotonus  jus- 
calus  var.  rad  id  a  Linnaeus,  can  l>e  found  exposed  on 
the  mud  fiats  and  mangrove  swamps  in  the  estuaries. 
1'he  collection  of  these  and  removal  of  the  fiesh  from 
the  shell  provide  employment  and  an  income  to  many 
women  and  children.  The  cockle,  .Iren  senilis  Lin¬ 
naeus,  occurs  in  fairly  large  numliers  in  soft  muddy 
areas  where  they  are  collected  after  locating  the  n  bv 
feeling  with  the  feet.  The  fiesh  is  highly  relished  f... 
eating  and  the  shells  are  used  in  certain  areas  as 
weights  for  gill  nets.  No  estimates  of  the  production 
of  the  shellfishes  are  available,  hut  judged  by  the 
heaps  of  empty  shells  that  one  comes  across  in  every 
village  in  the  area,  the  ipiantities  collected  annually 
must  In-  considerable. 

I'tsiilNt;  Mktiioos 

Estuarine  fishing  in  West  Africa  is  mostly  done 
from  indigenous  dligout  canoes.  Ilonga  fishing  in 
the  Sierra  Leone  Estuary  utilizes  cast  nets  and  drift 
nets.  ( 1 1 1 1  nets,  long  lines,  and  various  types  of  traps 
are  operated  in  estuarine  areas  of  Liberia.  In  the 
lagoons  of  Dahomey,  shoals  of  lionga  are  surrounded 
In  a  iiuiiiIht  of  canoes,  from  each  of  which  cast  nets 
are  operated.  In  western  Nigeria,  set  nets,  drift  nets, 
encircling  nets,  and  cast  nets  are  used  in  the  estuaries 
and  m  foreshore  areas  up  to  a  distance  of  alsmt  five 


miles.  In  recent  years  the  fishermen  have  changed  to 
synthetic  fillers  to  make  their  nets,  and  this  is  re¬ 
ported  to  have  resulted  in  an  increase  of  their  catches. 
In  the  Cameroun.  cast  nets,  set  gill  nets,  and  encir¬ 
cling  nets  are  used  in  the  lionga  fishery. 

In  the  Niger  Delta,  cast  nets  are  used  for  catching 
lionga.  grey  mullets,  and  other  clupeid  fishes ;  set  gill 
nets  and  long  lines  are  also  operated  throughout  the 
year  (Figs.  3  and  4).  The  long  lines  are  operated 
from  canoes  and  usually  do  not  have  more  than  100 
hooks,  but  many  prized  fishes  like  the  barracuda, 
snapper,  croaker,  and  grunter  are  caught  in  them. 
Traps  of  different  design  and  size  are  operated  in 
the  Niger  and  other  estuaries  throughout  the  year. 
Large  traps  are  made  of  walls  of  bamboo  or  raffia 
stalk  slats  set  in  a  circle  (the  ends  are  involuted  to 
form  a  V  inside  to  permit  fish  to  enter,  but  to  prevent 
their  escape):  they  have  two  diverging  wing  walls 
of  fencing  made  of  closely  arranged  long  twigs  stuck 
in  the  river  bottom  to  serve  as  guide  lines  for  fish, 
and  usually  can  tie  seen  in  the  eastern  zone  of  the 
Niger  Delta.  In  some,  two  or  more  trapping  devices 
may  be  found  (Fig.  5).  When  the  trap  is  set  near 
the  river  hank  there  may  be  only  one  guide  wall : 
this  is  set  at  right  angles  to  the  bank  with  a  wall  of 
raffia  slats  set  at  right  angles  to  it  and  trapping  de¬ 
vices  at  either  end  of  the  latter  wall.  Prawns,  shrimps, 
and  miscellaneous  fishes  are  caught  in  these  traps  and 
the  catches  are  removed  at  low  tide.  Another  very 
common  method  of  fishing  in  the  Niger  Delta  is  to 


Fig  4  Long-line  fishing  in  the  Niger  FNtuary. 
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Fig.  5.  Tlie  common  fence  trap  in  the  Niger  Kstuary. 


fence  off  portions  of  the  marginal  swamps  or  shallow 
mud  Hitts  with  walls  of  closely  set  raffia  slats  (  Fig.  61. 
At  high  tide,  portions  of  the  fencing  are  removed  to 
allow  the  entry  of  fish  with  the  tidal  water.  As  the 
tide  begins  to  turn,  the  fence  is  closed  to  prevent  the 
escape  of  fish,  and  the  stranded  fish  are  picked  up  at 
low  tide.  Large  catfish,  along  with  other  large  fishes, 
are  commonly  caught  from  such  traps.  A  similar 
method  of  weir  trap  fishing  is  practiced  in  the  estu¬ 
arine  areas  of  Liberia.  Set  nets  are  used  in  the 
Cameroun  for  prawn  fishing  but  most  of  the  prawns 
and  shrimps  landed  in  the  Niger  Delta  are  caught  in 
different  types  of  traps.  In  the  western  zone  of  the 
Niger  Delta,  series  of  staker  can  be  found  stuck  at 
the  river  mouth.  From  each  such  stake  a  conical  trap 
(Fig.  7  I  of  about  3  to  4  feet  in  length  and  1.5  to  2 
feet  in  diameter  at  the  mouth  is  operated  against  the 
tidal  flow  mainly  at  night,  to  catch  prawns.  In  the 
eastern  zone  of  the  Niger  Delta,  larger  conical  traps 
are  o|>ernted  from  stakes  at  river  mouths.  The  trap 
is  made  of  a  webbing  woven  with  the  long  and  slender 
stem  of  a  locally  available  creejier  and  shaped  into  a 
cone  of  uIm>ui  2(>  feet  in  length  and  17  feet  in  diameter 
at  the  mouth  The  cod  end  is  made  of  closely  set 
bamboo  slats  of  about  10  to  14  feet  in  length.  The 
general  design  of  the  net  is  similar  to  the  l>ag  nets 
useu  in  the  estuarine  waters  in  India  <  1‘illay  and 
(ihosh.  1064  l.  The  trap  is  operated  against  the  tidal 
How  and  the  catches  are  removed  at  the  turn  of  the 
tide.  Prawns,  along  with  small  fishes,  form  the  mam 
catches  of  these  traps.  At  the  Into  Kner  mouth,  east 
of  the  main  Niger  Delta,  conical  raffia  liag  nets  with 
circular  frames  are  operated  from  long  wooden  stakes 
driven  into  the  rivcrlied.  The  nets  are  about  5  feet  m 
diameter  at  the  mouth  and  alauit  15  feet  long  and 
catch  largely  prawns  and  si.,  mips.  Another  efficient 
device  used  tor  catching  prawns  during  the  night, 
and  small  grex  mullet  during  the  day.  is  the  "ongur 
which  cons  sts  of  a  rectangular  piece  of  close-set  ratti.i 
stalk  slats  i  8  to  Ml  ft  x  6  to  7  ft )  mounted  on  the 
gunwale  of  a  canoe.  <  )ne  side  of  the  ;u’guio  is  lowered 
into  the  riser  arid  dragged  some  distance  In  txxo 


fishermen  or  women  wading  along  the  sfiailow  mar¬ 
ginal  areas  of  the  river.  It  is  raised  at  regular  inter¬ 
vals  and  the  catches  tilted  into  the  canoe.  Li  Dahomey 
lagoons  prawns  are  caught  in  traps  using  light  as  a 
lure. 

Tilapia  spp.  are  mostly  caught  in  smaller  traps  of 
different  shafies  and  made  of  raffia  splits  or  chicken 
wire.  In  tiie  Niger  Delta  cassava  flour  mixed  with 
palm  oil  is  generally  used  as  bait  for  tilapia.  The 
mudskip|ier  <s  caught  iu  large  numbers  from  the 
Niger  Delta  swamps  and  estuarine  margins  by  means 
of  small  traps,  (iras  (1958)  describes  the  “Akadja" 
method  of  fishing  in  Porto  Novo  I,agoon  in  Dahomey 
to  catch  Tilapia  spp..  catfish,  grey  mullet,  etc.  Large 
circular  or  rectangular  areas  ( as  much  as  2'/3  acres ) 
are  enclosed  by  driving  long  twigs  or  tree  branches 
into  the  lagoon  tied.  Fishes  take  shelter  among  the 
foliage  and  in  the  enclosed  area,  feeding  on  the  algal 
growth  that  develops.  After  a  period  of  ahout  four 
to  six  months  the  Akadja  is  enclosed  by  nets  and  the 
brush  removed.  Remarkably  large  <piautities  of  fish 
are  caught  in  this  manner. 

Crabs  are  generally  caught  with  the  hand  or  with 
small  circular  dip  nets.  Crab  fishing  is  generally  done 
by  women  or  children  who  locate  the  crab  holes  at 
low  tide  and  then,  using  a  piece  of  rag  for  protection, 
insert  the  hand  into  the  hole  and  pull  out  the  crab. 
In  the  lagoons  of  (ihana  the  swimming  crab  is  often 
caught  using  small  fish  tied  to  a  long  piece  of  thread 
as  bait.  As  a  crab  takes  the  bait,  it  is  drawn  slowly 
to  land  where  it  is  caught  in  a  small  hand  net. 

Cm  ization  of  Catches 

Fxcept  for  the  limited  use  of  fresh  fish  for  con¬ 
sumption  in  the  immediate  neighborhood  of  the  fish 
mg  areas,  there  appears  to  lie  no  organized  fresh  fish 
trade  in  the  estuarine  areas.  The  catches  are  either 
dried  or  smoked.  In  the  coastal  zones  of  Cameroun 
and  Nigeria,  where  the  rainfall  is  heavy  and  the  rainy 
season  extended,  fish  are  generally  pres-rved  only  In 
smoking  They  .ire  placed  on  racks  made  by  fastening 
supp1  rtmg  sticks  to  four  hamln'.o  poles  which  are 


Fig  ft.  I’ClK’r  foiling  in  tlir  mangrove  nuni|  s 
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I'ir  7.  Conical  prawn  trap-*  ojicratcil  in  Brass  arra  of 
the  Niger  Kstuaiy. 


driven  into  the  ground  and  by  laying  slats  across  t'-c 
supports  to  In >ld  the  fish.  Four  to  five  layers  of  fish 
separated  by  layers  of  sticks  are  spread  on  the  rack 
leasing  aliout  a  half- inch  space  for  smoke  to  circulate. 
Sometimes  individual  fish  are  rolled  and  strung  on 
sticks  lor  smoking.  Kverv  smoking  hut  has  one  small 
and  one  lng  smoking  rack.  The  small  one  is  used  for 
cooking  fish  on  the  first  day :  the  large  one  is  for 
smoke-drying  the  fish,  which  begins  on  the  second 
da  of  the  processing.  F'tres  of  mangrove  wood  are 
lighted  below  to  produce  smoke.  Smoking  is  done  for 
varying  |>eriods  of  time,  from  three  to  14  days,  de¬ 
pending  on  the  tyjie  of  fish  and  the  ty|»e  of  product 
required  for  marketing  locally  or  in  distant  places. 
In  the  western  region  of  the  ctvast  where  the  rainy 
season  is  shorter,  sun-drying  of  catches  is  often  done 
without  salting  or  after  soaking  the  fish  in  sea  water. 

Transport  and  marketing  arrangements  are  not 
very  well  organized.  Smoked  fish  are  generally  stored 
in  the  fishermen's  huts  l  usually  in  the  smoking  hut  i 
for  some  days  liefore  they  are  t>ans|M>rted  in  canoes 
land  in  some  cases  in  launches  i  to  distributing  cen¬ 
ters.  During  storage  and  distribution  considerable 
loss  and  deterioration  takes  place.  Kc- smoking  is  sel¬ 
dom  done.  In  a  recent  study  t  Piatek.  1663 »  it  was 
found  that  the  loss  during  a  month  of  sto.  age  in  the 
fishing  villages  amounted  to  3  to  15  percent  The  loss 
during  tr.ms|>ort  has  lieen  estimated  to  Ik-  8  to  IJ 
percent. 

possum. mis  of  dfyfi.opim; 

F.SIT AKINF.  FISIIF.R1I  S 

(.  wit  to  Fisheries 

In  the  development  of  estuarine  capture  fisheries  mi 
the  West  African  coast  the  highest  priorifv  should 
go  to  improving  the  methods  of  processing.  tran-|>ort. 
and  marketing  of  the  catches  1'iatek  t  l*4f»3 1  has 
demonstrated  that  hulk  smoking  of  the  1  tonga  ran  Ik- 
effectively  done  In  following  improved  methods  in 
smoking  kilns  which  can  Ik-  constructed  locally  at 
reasonable  costs.  Pilot  cx|>erimcnts  in  storage,  trails 


|Hirt.  and  marketing  of  smoked  fish  in  the  delta  prov¬ 
ince  of  the  midwestern  region  of  Nigeria  have  clearly 
shown  the  |m>sihility  of  organizing  the  industry  on 
coo|ierative  lute:,  with  great  advantage.  The  govern¬ 
ment  could  also  establish  and  maintain  fish-curing 
yards  ami  smoking  kilns  at  appropriate  centers  and 
at  reasonable  charges  for  the  use  of  fishermen. 

The  fishing  gear  used  in  the  estuarine  areas  may 
lie  ca|iahle  of  improvement  For  example,  the  large 
conical  fish  traps  made  of  creejier  stems,  if  made  with 
nylon  or  cotton  webbing  in  the  form  of  bag  nets  may 
catch  more  fish  and  last  much  longer.  The  number  of 
biKiks  on  long  lines  could  lie  greatly  increased,  and 
larger  and  more  effective  traps  could  possibly  be 
introduced.  For  the  use  of  larger  nets  and  other 
fishing  gear  and  for  extending  the  area  of  fishing, 
larger  and  (letter  Ixi.its  would  lie  required.  Mechani¬ 
zation  of  at  least  fish  trans|Mirt  hints  is  necessary  for 
lietter  organization  of  tile  fish  trade 

Preliminary  trawling  ex[>erinieiits  in  the  inshore 
areas  of  the  Bight  of  Biafra  opfMisite  the  Niger  Ks- 
tuary  have  given  very  encouraging  results,  and  indi¬ 
cate  that  it  may  lie  jmssihle  to  o|«ratc  [towered  boats 
for  fishing  in  the  hay.  The  presence  of  sandbars 
across  the  mouths  of  rivers  greatly  handicaps  the 
ofK-ration  of  such  lioats.  For  landing  of  catches,  and 
tor  day-to-day  maintenance,  it  is  necessai  y  for  the 
lioats  to  enter  the  estuaries  and  the  sandbars  make 
it  difficult  and  dangerous  in  many  areas. 

Cft.TPKE:  Fisheries 

The  production  of  fish  in  most  of  the  West  African 
countries  is  much  below  the  local  requirements  and 
every  means  of  incr>-asing  production  should  lie  ex¬ 
plored.  Development  of  culture  fisheries  in  estuarine 
areas  ap|icars  to  hold  great  |Missibilitics.  In  the  deltaic 
regions  and  along  the  margins  of  lagiKHis.  there  are 
very  extensive  mangrove  swamps  which  are  unsuit¬ 
able  for  agriculture.  Where  an  adequate  tidal  range 
is  available,  brackish-water  fish  [Minds  can  lie  cim- 
structcd  for  the  culture  of  tidies  like  the  grey  mullet, 
tdapii.  prawns,  etc  A  recent  survey  in  the  Niger 
Delta  lias  shown  that  over  I.7V5.3U)  acres  of  the 
swamps  are  suitable  for  conversion  into  fish  [Minds 
It  is  likely  that  most  of  swamps  around  the  keta 
I-igoon  inav  also  Ik-  suitable  for  reclamation  The 
[icaly  nature  of  the  soil  is  a  handicap.  Ixit  cx|ier>tiicn 
t.d  studi -s  conducted  by  the  author  have  shown  that, 
if  necessary  precautions  are  taken,  watertight  dikes 
van  Ik-  constructed  with  the  mangrove  sod.  and  tidal 
ponds  van  Ik-  successfully  o|arratrd.  (  oinmrrci.il 
brackish  water  tish  [Kinds,  it  pro|K-rly  designer!,  can 
*k-  constructed  at  a  cost  of  iNnit  J-XN)  jier  acre:  if 
a  pri«luvlion  ot  aUnit  4tXI  [Kmnds  of  fish  |K-r  acre 
can  Ik-  obtained  and  marketed  in  the  fresh  >tatr.  the 
capital  investment  will  Ik*  paid  kick  in  .lUiut  four 
years  tune  C  otisidrruig  the  cilornioUs  area  of  man¬ 
grove  swamps  on  thr  West  African  coast  the  con 
IrditHion  that  culture  fisheries  can  make  to  increased 
ti  -h  priKluctinn  in  the  area  is  rcm.irk.iluv  high,  even 
if  it  is  [Kissihlc  to  reclaim  nulv  a  iuctnn  of  tlie 
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swamps.  The  reclamation  of  the  swamps  is  not  likelv 
to  affect  the  commercial  fisheries  in  any  appreciable 
manner.  It  is  true  that  culture  in  estuarine  fish  ponds 
will  lie  largely  based  on  spawn  and  fry  obtained  from 
the  estuary  which  forms  the  nursery  grounds  of  the 
species,  but  only  a  negligible  percentage  of  juvenile 
stocks  need  Ik“  collected,  as  survival  rate  is  greatly 
increased  in  the  protected  environment  of  fish  farms. 
In  many  Asian  countries  this  type  of  fish  culture  has 
been  in  existence  for  centuries  and  no  adverse  effect 
has  been  observed  on  the  capture  fisheries  of  the  spe¬ 
cies  concerned.  However,  even  this  possibility  can 
be  avoided  if  pond  breeding  of  the  cultivated  species 
can  1>e  induced  by  suitable  techniques. 

Another  possible  means  of  developing  culture  fish¬ 
eries  in  the  estuaries  is  through  the  cultivation  of 
oysters  in  suitable  localities.  The  most  common  spe¬ 
cies  of  oyster  in  the  area  is  Ostrea  tulipa  which  grows 
to  a  size  of  over  12  cm.  Preliminary  observations 
have  shown  that  the  spat  of  the  species  can  be  ob¬ 
tained  over  an  extended  period,  and  their  rate  of 
growth,  at  least  in  the  early  stages,  is  fairly  rapid. 

Author's  Soli-:  Prepared  while  working  as  Inland 
Fisheries  Biologist  in  Nigeria  for  the  Food  and  Agricul¬ 
ture  Organization,  Expanded  Technical  Assistance  Pro¬ 
gram.  United  Nations,  Rome. 
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The  coastal  zone  of  the  Indian  Ocean  includes  a 
nunifter  of  bays  and  gulfs  into  which  large  and  small 
rivers  empty,  creating  estuarine  conditions  in  the 
inshore  areas.  The  extent  of  the  estuarine  zone  in 
the  sea  varies  according  to  the  size  of  the  river  and 
the  volume  of  its  freshwater  discharge,  the  steepness 
of  the  gradient,  and  the  tidal  range.  The  Bay  of 
Bengal  receives  the  large  river  systems  of  the  Ganges, 
Brahmaputra,  and  Irrawaddy,  and  has  estuarine  con¬ 
ditions  extending  many  miles  from. the  shore.  Waters 
of  low  salinity  and  high  turbidity  can  l>e  found  far 
out  in  the  sea  during  the  rainy  season.  In  the  inshore 
waters,  the  salinity  is  considerably  lower  due  to  the 
influx  of  fresh  water,  and  reaches  its  minimum  in 
about  November .  Studies  of  plankton  have  indicated 
two  periods  of  maximum  production:  the  primary  one 
iti  spring,  and  the  other  in  autumn.  In  Sumatra 
and  Java  the  color  of  estuarine  water  may  he  tea- 
brown  or  blackish,  due  to  outflow  from  enormous 
peat  forests— (Hardenberg,  1950).  The  pH  of  this 
water  is  reported  to  be  as  low  as  5  or  less.  There  is 
a  marked  increase  in  the  number  of  planktonic  organ¬ 
isms  as  a  result  of  increase  in  nutrient  salts.  Copepods 
diminish  to  be  replaced  by  an  increased  amount  of 
diatoms  and  Noctiluca.  Marine  s|)ecies  are  replaced 
by  coastal  forms. 

KSTL'ARIKS  OF  MAJOR  RIVKR  SYSTEMS 

The  largest  estuarine  area  of  the  Indian  Ocean 
coastal  zone  is  the  Gangcs-Brahmaputra  Delta,  gen¬ 
erally  referred  to  as  the  Sunderbans.  The  Sunderkans 
has  an  extensive  and  complicated  system  of  inter¬ 
connected  distributaries.  The  delta  area  in  West 
Bengal  alone  is  about  3,100  square  miles.  Estuarine 
conditions  extend  about  100  miles  upstream.  Con¬ 
siderable  fluctuation  is  observed  in  the  salinity  in 
most  areas,  lietween  almost  freshwater  and  marine 
conditions.  I  lydrobiological  studies  made  in  Hooghly 
River,  one  of  the  main  distributaries  of  the  Ganges, 
have  shown  that  salinity  zonations  into  marine,  tidal, 
gradient,  and  freshwater  zones  are  not  clearly  evident. 
Oag  (  1939)  has  recognized  three  distinct  seasons  in 
the  tidal  regime  of  the  estuary :  ( 1 )  the  southwest 
monsoon  season  when  the  effect  of  flood  tides  is  coun¬ 
tered  and  nullified  by  freshets  and  when  there  is  a 
strong  predominance  of  ebb  tides.  (2)  from  November 
to  February  when  the  strength  of  the  flood  tide  over 
the  ebb  tide  is  minimum,  and  (3)  the  hot  and  tliv 
months  (May  to  June)  when  the  effect  of  flood  tides 
is  considerably  stronger  than  that  of  the  ebb  tides. 


with  the  salinity  of  the  water  consequently  becoming 
very  high. 

A  general  trend  of  increase  in  salinity  has  been 
observed  in  the  river  in  recent  years  and  the  mi¬ 
gration  of  several  marine  species  of  bottom  fish 
(Hora,  1943,  1953)  and  even  pelagic  fish  (Pillay, 
1953)  which  did  not  occur  earlier  have  been  noticed. 
There  is  a  marked  abundance  of  phytoplankton  during 
the  winter  season  with  the  peak  period  in  about  Janu¬ 
ary.  Growth  of  plankton  is  minimal  during  the  rainy 
months,  when  the  turbidity  of  the  water  is  high.  Both 
phytoplankton  and  zooplankton  show  a  bimodat  cycle, 
with  one  peak  during  June  to  August  and  the  other 
during  November  to  January  (February  in  the  case 
of  zooplankton).  Zooplankton  arc  generally  at  their 
lowest  level  during  the  latter  part  of  the  monsoon 
season.  Among  the  zooplankton,  copepods  form  the 
dominant  group.  Though  satisfactory  quantitative 
data  on  productivity  are  not  available,  the  Hooghly, 
like  the  rest  of  the  Sunderbans,  is  highly  fertile. 

The  Irrawaddy  Delta  in  Burma  is  also  very  exten¬ 
sive  and  supports  important  fisheries.  On  the  Indian 
coast  there  are  a  number  of  smaller  rivers  like  the 
Mahanadi  and  the  Krishna  that  have  wide  estuaries. 
Mahanadi  Estuary  on  the  cast  coast  (in  Orissa  State) 
is  particularly  important  as  a  source  of  fish  produc¬ 
tion.  The  Indus  in  West  Pakistan,  emptying  into  the 
Arabian  Sea,  and  the  Euphrates  and  the  Tigris,  join¬ 
ing  the  Persian  Gulf,  have  estuaries  of  fair  size.  On 
the  ca  •  coast  of  Africa  bordering  the  Indian  Ocean 
coastal  zone,  the  largest  estuarine  area  is  that  of  the 
Zambesi,  even  though  there  are  many  other  rivers 
emptying  into  the  Indian  Ocean.  The  ecology  of  a 
number  of  smaller  estuaries  along  the  South  African 
coast  has  l>een  investigated.  Some  of  these,  like  the 
estuary  of  the  Klein  River,  are  closed  to  the  sea  for 
most  of  the  dry  season.  The  water  remains  brackish 
throughout  the  year,  though  there  is  wide  fluctuation 
in  salinity  depending  on  the  season  and  tidal  condition. 

One  feature  common  to  all  estuaries  of  the  Indian 
Ocean  coastal  zone  is  the  formation  of  sand  bars  at 
the  river  mouths.  These  bars  generally  are  horseshoe- 
shaped;  the  open  side  facing  the  river  is  steep  and 
that  facing  the  sea  has  a  very  gentle  slope.  In  spite  of 
heavy  tidal  action,  these  bars  maintain  their  shape  and 
size,  The  bars  and  the  heavy  siltation  in  some  of  the 
estuaries  often  render  them  unnavigable.  When  navi¬ 
gational  facilities  are  maintained,  as  in  the  Hooghly 
of  the  Sunderbans,  constant  and  expensive  dredging 
operations  are  required. 
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LAGOONS 

Along  the  Indian  Ocean  coastal  zone  are  numerous 
lagoons,  or  brackish-water  lakes  as  they  are  some¬ 
times  called.  They  are  generally  connected  with  the 
sea  during  periods  of  flood,  but  may  get  cut  off  dur¬ 
ing  drought.  These  lagoons  may  be  connected  to 
river  systems,  but  the  connection  with  the  sea  is  often 
limited  to  a  number  of  narrow  channels. 

Chilka  Lake  and  I'ldicat  Lake  on  the  east  coast 
of  India  have  received  considerable  attention  because 
of  their  importance  in  fish  production.  Chilka  Lake 
is  roughly  pear-shaped  with  a  length  of  40  miles 
(north-south)  and  width  of  12.5  miles  (east-west), 
covering  an  area  of  about  350  square  miles  in  the  dry 
eason  and  about  450  square  miles  during  the  flood 
season.  1  lie  lake  has  an  outer  channel  14  miles  long 
with  a  sandy  bottom.  The  lake  proper  is  very  shal¬ 
low;  the  average  depth  in  the  dry  season  rarely  ex¬ 
ceeds  eight  feet  over  a  large  stretch  of  the  northern 
sector,  increasing  during  the  flood  season  by  five  or 
six  feet.  During  February-April,  when  the  floods 
subside,  ingress  of  sea  water  into  the  lagoon  increases 
and  the  southern  end  of  the  lake  is  more  saline.  In 
May  and  June,  the  hottest  months,  the  ingress  of  sea 
water  increases,  resulting  in  higher  salinity.  In  Sep¬ 
tember,  during  the  monsoon  floods,  salinity  is  greatly 
reduced.  The  floodwaters  of  the  Mahanadi  River  en¬ 
ter  the  lake  at  its  northeast  end  and  it  becomes  almost 
fresh  in  the  course  of  time.  Plankton  studies  made 
in  the  lake  indicate  high  productivity.  Zooplankters, 
predominantly  copepods,  constitute  the  bulk  of  plank¬ 
ton  throughout  the  year.  Copepods  form  42  to  70  per¬ 
cent  of  the  total  plankton  and  have  two  seasons  of 
abundance,  coinciding  with  the  periods  of  higher  sa¬ 
linity.  Diatoms  form  41  to  50  percent  of  the  total 
phytoplankton. 

I’ulicat  Lake,  near  Madras,  has  an  area  of  about 
178  square  miles  and  is  shallow,  being  only  about  six 
feet  deep  in  most  areas.  The  lake  receives  fresh  water 
from  a  large  catchment  area  during  the  rains  and  the 
water  becomes  almost  fresh.  A  narrow  channel  con¬ 
nects  the  lake  with  the  sea  through  which  tidal  water 
and  large  numbers  of  marine  fish  and  prawns  enter 
the  lake. 

The  chain  of  lagoons  ( or  backwaters  as  they  are 
locally  called )  along  the  coast  of  Kerala  on  the  west 
coast  of  India,  of  which  the  largest  is  Vemhanad 
Lake,  is  of  considerable  fishery  importance.  The  la¬ 
goons  are  connected  to  the  sea  only  at  a  few  places 
and  the  salinity,  which  has  been  observed  to  range 
between  33.25  and  1.2  is  always  higher  near 
the  opening  to  the  sea  and  progressively  diminishes 
in  areas  away  from  the  sea.  Zooplankton,  predomi¬ 
nated  by  copepods,  forms  the  bulk  of  plankton  in  the 
backwaters.  Fluctuations  in  the  volume  of  plankton 
have  been  found  to  he  positively  correlated  with 
salinity  changes. 

Lagoons  on  the  coast  of  Ceylon  vary  in  extent  from 
100  to  70.000  acres  and  the  total  estimated  area  of 
such  brackish  waters  in  the  country  is  about  350,000 


acres.  Salinity  increases  rapidly  in  shallow  and  iso¬ 
lated  areas  of  the  lagoons  and  their  connected  salt 
marshes  during  the  dry  months,  often  resulting  in 
hypersaline  conditions  or  even  actual  deposition  of 
salt. 

FISH  FAUNA  OF  THE  FSTUAKIFS 

The  estuaries  of  the  Indian  Ocean  coastal  zone  sup¬ 
port  a  varied  fish  fauna,  but  for  a  tropical  region  it 
is  rather  poor  in  species  (Table  1  ).  The  fish  fauna 
consists  of  species  that  spend  all  or  a  major  part  of 
their  life  in  the  estuaries,  and  marine  or  freshwater 
species  which  migrate  seasonally  into  or  through  the 
estuaries.  In  the  present  state  of  our  knowledge,  a 
pro|>er  classification  of  the  species  based  on  their 
period  of  life  in  the  estuaries  is  difficult. 

In  the  Sunderhans  area  over  120  species  are  com¬ 
monly  caught  by  commercial  fishermen.  From  Chilka 
Lake  some  138  species  have  been  recorded — many  are 
only  migrants  or  stray  visitors.  In  the  estuary  of  the 
Rokan  River  in  Sumatra,  Hardenberg  (1950)  has 
reported  the  occurrence  of  some  175  species,  including 
occasional  migrants.  The  number  of  individuals  is, 
however,  high. 

The  fish  of  muddy  estuaries  show  affinities  to 
deep-sea  fauna  in  some  of  their  features.  Some  gen¬ 
era  of  elupeids  and  polynemids  have  prolonged  fin- 
ravs.  and  others  have  small  diminutive  eyes.  Ilarden- 
berg  (  1950)  has  recorded  even  a  species  of  blind  sole 
from  the  Rokan  Estuary.  The  Bombay  duck,  Harpo- 
do»  nehereus,  is  a  species  that  has  its  nearest  relatives 
in  the  deep  sea  and  its  appearance  is  very  much  like 
that  of  a  deep-sea  form.  Brcgmaccrus  maccIcUandi 
cannot  be  distinguished  from  specimens  from  the  deep 
sea. 

In  the  Indian  subcontinent  the  single  species  that 
constitutes  a  fishery  of  great  importance  is  the  hilsa. 
II ilsa  ilisha.  Though  it  was  generally  considered  an 
anadromous  fish,  recent,  investigations  have  shown 
that  some  of  the  main  stocks  of  this  species  are  purely 
estuarine.  It  occurs  from  the  Persian  Gulf,  along 
the  coasts  of  West  Pakistan,  India,  and  East  Pakistan 
to  Rurma,  ascending  the  main  river  systems.  rJ  lie 
major  fisheries  are  in  Chilka  Lake,  and  Irrawaddy. 
Sunderhans,  Godavari,  Narbada,  and  Indus  Estuaries. 
The  Bombay  duck  is  a  major  constituent  of  the  catches 
in  the  Sunderhans  Estuary  in  India.  Grey  mullet 
( Muyil  spp. ).  cock-up  (Lutes  calcarijer).  milk  fish 
( C hanos  chanos).  threadfin  (Polynemids),  and  pearl 
spot  (  Etroplus  suratensis )  are  the  prime  fishes  caught 
from  estuarine  areas  of  the  Indian  subcontinent.  Cat- 
fishes  of  the  genera  Tachysunts,  Ostcogencosus,  Pan - 
i/asius,  and  Mystus  contribute  very  considerable  catch¬ 
es.  Sciaenids  and  smaller  elupeids  are  abundant  and 
landed  in  appreciable  oimntities  though  their  market 
value  is  considerably  less  than  that  of  other  species. 
Sharks,  rays,  and  skates,  though  occasionally  caught 
in  the  estuaries,  are  not  abundant  in  any  of  the  areas. 
Juveniles  and  young  of  several  marine  and  coastal 
fishes  may  be  found  in  the  estuaries  during  certain 
seasons.  In  some  of  the  lagoons  of  Ceylon,  the  cichlid 


1 


KSTIWRINK  FISH KK IKS  OF  TIIF.  INDIAN  Of  KAN  COASTAL  ZONE 


649 


i  ilapia  mossambica  was  introduced  with  a  view  to 
increasing  fish  production.  It  is  reported  that  the 
species  has  established  itself  and  multiplied  rapidly. 
The  indigenous  fauna  is  (relieved  to  have  lieen  v.-rv 
adversely  affected  by  Tilapia,  especially  the  prawns 
and  shrimps. 

In  the  estuarine  fauna,  the  crustaceans,  which 
include  several  species  of  commercially  important 
shrimps  and  crabs,  have  a  predominant  position. 
The  more  important  shrimps  caught  by  commercial 
fishermen  are  the  following: 


Dcnaeus  initials  H.  M.  Edw. 

Dcnaeus  sanisulcatiis  de  Haan 
Metapenaeus  brevieorn’s  < H.  M.  Edw.) 
Metapenaeus  tiffin  is  (  H.  M.  Edw. ) 
Metapenaeus  dobsoni  (  Miers ) 
rarapenacopsis  seulptilis  I  Heller) 
rarapenaeopsis  stylifcru  (  H.  M.  Edw.) 
Maerobraehium  mirubile  (  Kemp ) 
Maerobraehium  inaleoliiisuiiii  I II.  M.  Edw.) 

( Continued,  o.  65 2 ) 


Table  1.  List  of  common  estuarine  fishes  of  the  Indian  Ocean  coastal  zone. 


SCYLIORHLNTDAK 
CltiliistyllitiM  iiuticum  (Gunther) 

CARCHARINIDAK 

Careharimis  yaniie  tints  (Muller  and  Henlc) 
Carcharinus  melunnpterus  <  (Juoy  and  Gaimard) 
Dhysoden  mutteri  (Muller  and  Henle) 
PR1ST1DAE 
Dristis  pcctinutus  Latham 

RHINOBATIDAE 
Khynchobatus  djiddensis  ( Forskaal ) 
TRYGONIDAE 

Dusyatis  I Amphutistius)  imbricatu  (Schneider) 
Dusyatis  1 1 1  imanlura)  uarnak  (Forskaal) 

Dusyatis  (I’astinachus)  sephen  ( Forskaal ) 

Tryi/un  waltia  Mtiller 
MYI.ORATIbAK 
Aelobatis  narinari  ( Euphasin) 

Aetoinylacus  niehofii  !  Bloch  and  Schneider) 
ELOPIDAF. 

/Hops  snunis  Linnaeus 
MKGAI.OPIDAE 
Mcyalops  cyprinoides  ( Brou.>sanet) 

CLIPEIDAE 
( iadusiu  rhapra  (Hamilton) 

/ nLiu  ilislia  (  Hamilton) 

//(ran  tali  (Cuvier  and  Valenciennes ) 
llilsu  himatjurta  ( Bleeker) 
llilsa  nuuriira  (Bleeker) 

Corirti  sobormi  (  Hamilton) 
llishti  eloni/atii  (  Bennett) 

Ilislia  iudiia  (Swainson) 
llishti  matins  (Hamilton) 

Sardinclla  fimbriata  ( Valenciennes ) 

I’ellima  ditchcla  (Cuvier  and  Valenciennes) 
Opisthaptrrus  tardaorc  (Cuvier) 

Raconda  russeiliana  Gray 
Kowala  coral  (Cuvier) 

A  nod  tat  tost  a  ma  chacnnda  (Hamilton) 

Xcmatalosa  nasus  (  Bloch ) 

Dussumicria  liassclti  Bleeker 
STOLKI’HOKIDAK 
Stoh'phorus  baoanensis  llardenberg 
( iilchristclla  mstuarius  (Gilchrist  and  Thompson) 
EXGRALT.IDAE 
Anchaviella  cunmcrsonii  (  Lacepedc ) 

Anclioriella  indica  (van  Hasselt) 

Anehoriella  tri  (Bleeker) 

Thrissocics  annanJalci  ( Chaudhuri) 

Thrissocics  hamiltonii  ( Gray) 

Thrissocles  Tempi  ( Chaudhuri ) 

Thrissocics  mystax  (  Schneider  1 
Thrissocics  pttrara  (  Hamilton) 

Thrissocics  kamnialcnsis  ( Bleeker) 

Thrissocics  rambhac  (  Chaudhuri ) 

Thrissocics  malabaricus  (Bloch) 


Sctipinna  phasa  (Hamilton) 

Sctipinna  tuty  (Cuvier  and  Valenciennes) 
Sctipinna  mclanochir  (Bleeker) 

Sctipinna  brcriccps  (Cantor) 

Coilia  bornccnsis  Bleeker 

Coilia  dtissumicri  (Cuvier  and  Valenciennes) 

Coilia  ramcaratii  (Hamilton) 

Coilia  rcynaldi  ( Cuvier  and  Valenciennes ) 

CHAN  1  DAE 
Chaims  chanos  ( Forskaal ) 

CHIROCKNTRIDAE 
L  hirocentrus  dorab  (  Forskaal ) 

Chiroccntrus  hypsclosoma  (Bleeker) 

SYNODONTJDAE 
llarpodon  nchcrcus  (Hamilton) 

NOTOPTERlbAK 
tXoloptcrus  notoptcrus  (Pallas) 

SIRORIDAE 

Hatjarius  bayiirius  (Hamilton) 

( Ayptostcrnum  tclchitla  (Hamilton) 
dat/ala  ccnia  ( Hamilton) 

Cunjata  riridcsccns  (Hamilton) 

CYPRINIDAK 
Catla  catla  (  Hamilton) 

Chela  cochins  ( Hamilton) 

Chela  tabued  Hamilton 
Crossochcilus  latius  (  Hamilton) 

Calico  rohita  (  Hamilton) 

Oslcobraina  riyorsii  ( Sykes) 

( Ixyi/astcr  bacaila  (  Hamilton ) 

T.somus  danrica  thermoiens  ( Valenciennes) 
Dunlins  dorsalis  ( Jerdon) 

Dunlins  sophnre  Hamilton 
Dunlins  tictu  Hamilton 
Dunlins  villains  Day 
Dunlins  javanicus  (Bleeker) 

Rasbora  daniconius  (Hamilton) 

TACHYSURIDAE 
Oslcoycnciosus  militaris  (  Linnaeus) 
Tachysurus  arms  (  Hamilton) 

Tachysurus  coclatus  ( Valenciennes) 

Tacit)  suras  folcc  ins  (Richardson) 
Tachysurus  jella  (bay) 

Tachysurus  nenaa  (Hamilton) 

Tachysurus  satparanus  (Chaudhuri) 
Tachysurus  sona  (  Hamilton) 

Tachysurus  jcliccps  (Valenciennes) 
Tachysurus  niacroiiotacanlhus  (Bleeker) 
Tachysurus  <• ubrostratns  (  Valenciennes ) 


PI.OTOS1DAE 
Dltitosus  Cantus  Hamilton 

SILIRIDAE 

Ompok  biimicultilus  (Bloch) 
ll’allatio  attu  (  Bloch  and  Schneider) 
(Cvi.ii.  led  on  nest  page) 
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Table  1.  (Continued) 

KHAN  KM  I  DAK 


BAGR1IME 
Rita  rita  (Hamilton) 

Mystus  aor  (Hamilton) 

Mystus  caiusius  (Hamilton) 

Mystus  gulio  (  Hamilton ) 

Mystus  vittatus  (Bloch) 

Mystus  seenghala  ( Sykes ) 

Mys'us  tenyara  (Hamilton) 

Mys.ss  armatus  (Day) 

SCHILBEIDAE 
F.ulrnpiichthys  vac  ha  (  Hamilton) 

Pangasius  pangasius  (Hamilton) 

Pangasius  polyuranodon  ( Bleeker ) 

Pangasius  nasvtus  (Bleeker) 

L'lupisoma  garua  (Hamilton) 

Ailia  cnila  (Hamilton) 

Pscudatropius  athcrinoides  (Bloch) 

Silanta  silondia  (Hamilton) 

HETEROPNEUSTIDAE 
lletcropncustfs  fossilis  (Bloch) 

ANGU1LLIDAE 
Anguilla  australis  Ricliardson 
Anguilla  hengalensis  Graj 

MURAENIDAE 
Rhabdura  macntra  (Bleeker) 

MURAENOSOCIDAE 
Muraenesox  cincreus  ( Forskaal) 

OPHICHTHYIDAE 
Ophichthys  boro  (Hamilton) 

Ophichthys  microcephalus  Day 
Pisoodonophis  chiikensis  Chaudhuri 
Pisoodonophis  hijala  (Hamilton) 

Ophisurus  serpens  (Linnaeus) 

BELONIDAE 

Tylosurus  stronyylurus  ( van  Hasselt ) 

HEMIRHAMPHIDAE 

Hemirhamphus  limbatus  (Cuvier  and  Valenciennes) 
Hemirhamphus  gaimardi  ( Valenciennes) 
Hemirhamphus  georgii  ( Valenciennes  '1 

BREGMACEROTIDAE 
Bregmaceros  macclellandi  (Thompson) 

SYNGNATHIDAE 
Hippaeampw  hrochyrb'-ncku;  Dunckcr 
Ichlhyocampus  carce  ( Hamilton) 

Syngnathus  acus  Linnaeus 

CYPRINODONTIDAE 
Aplochcilus  panchax  ( Hamilton) 

Panchax  lineatus  dayi  (  Steindachner) 

Oryzias  melastigma  (  McClelland) 

SPHYRAKNIDAE 
Sphyraena  raghava  Chaudhuri 

MUGIL1DAE 

Rhinomugil  corsula  ( Hamilton) 

Mugil  macrnlepis  (A.  Smith) 

Mugil  cephalus  ( Linnaeus) 

Mugil  CHHHesius  Valenciennes 
Mugil  bclanah  Bleeker 
Mugil  borneensis  Bleeker 
Mugil  troscheli  Bleeker 
Mugil  seheli  (  Forskaal ) 

Mugil  parsia  (  Hamilton ) 

Mugil  fade  (Forskaal) 

Mugtl  jetdonii  Day 

Mugil  subvirdis  Valenciennes 

Mugil  uaigainsis  ( !J\u<y  and  ( iaimard ) 

Liza  ramada  (  Risso ) 

I'alamugil  caeruleomai  ulalus  ( l-acejieile ) 


Elcuthcroncma  tctradactylum  (Shaw) 

Polydactylus  indicus  (Shaw) 

Polynemus  paradiseus  (Linnaeus) 

OPHICEPHALIDAE 
Ophirephalus  punctatus  Bloch 
Ophicephalus  slriatus  Bloch 

CENTROPOMIDAE 
Ambassis  natna  (Hamilton) 

Ambassis  ranga  (Hamilton) 

Ambassis  ambassis  ( Lacepidc) 

Ambassis  gymnocephalus  (Ijcepede ) 

Ambassis  urotwnia  ( Bleeker) 

Latcs  calcarifer  ( Bloch ) 

SEKRAXIDAE 

P.pinephelus  blcekcri  (  Vaillant  and  Bocoui  I ) 
Epinephclus  diacanthus  ( Valenciennes) 

P.pinephelus  tanvina  (  Forskaal ) 

Epinephclus  scxfasciatus  (Cuvier  and  Valenciennes) 

THERA  PON  IDAE 

Thcrapon  jarbua  (  Forskaal ) 

Thcrapon  pula  Cuvier 

APOGONIDAE 

Apogon  gymnocephalus  ([.acepcde) 

Apogott  nigripinnis  Cuvier  and  Valenciennes 

SILLAGINIDAE 
Sillago  sihama  (  Forskal ) 

Sillago  panijius  ( Hamilton) 

CARANGIDAE 

Caranx  (Carangoides)  preustus  Bennet 
Caranx  I  Caranx)  carangus  (  Bloch ) 

Caranx  ( Selar )  mate  Cuvier  and  Valenciennes 
.1  tropus  alropus  I  Bloch  and  Schneider) 

Megalaspis  cordyla  (Linnaeus) 

Caranx  l Caranx)  sansum  (  Forskaal) 

Chorincmus  tala  Cuvier 
Chorinemus  tnl  Cuvier 

Chorincmus  sancti  petri  Cuvier  and  Valenciennes 
Uypacanthus  amid  (  Linnaeus ) 

Trachinotus  bloc  hi  ( I.acepede) 

1  OMATOMIDAE 
Pomatomvs  saltator  (Linnaeus) 

I.CTIANTDAE 
l.utumus  johni  (Bios’ll) 

Pulton  us  argentimaculatus  (  Forskaal ) 

LOBOTIDAK 
l. abates  surinamensis  (Bloch) 

C  i dus  guadrifasciatus  ( Sevastianof ) 

LKIOGNATHIDAE 
Eeiognathus  brevirastris  (  Valenciennes ) 
l.ciagnathus  blachii  (Cuvier  and  Valenciennes  ) 
l.ciagnathus  cguulus  (  Forskaal ) 
l.ciagnathus  fascialus  (I-acepede) 
l.ciagnathus  rucanius  (  Hamilton) 

Secular  rucanius  (  Hamilton) 

Secular  insuliator  ( Blush) 

(,'azza  minula  (Bloch) 

GKKKIDAK 
Ccrrcs  abhmgus  Cuvier 
tierres  oxena  (  F'orskaal ) 
iierres  punctatus  Cuvier 
tierres  sclifcr  (Hamilton) 

(ierreamarpha  sclifcr  (  Hamilton) 

Pcrtica  plamcnlasa  (  Cuvier ) 

POMADASYIDAK 
Pristipama  kasla  (  Bloch) 

Pristipoma  apcrcularc  Playfair 
Pristipama  guaralta  (  Russell) 


(Continued  on  neat  pafe) 
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Table  1.  (Continued) 


SCIAENIDAE 

Pscudusciacna  coilor  (Hamilton) 

Sciacna  rujjflli  (Cuvier) 

Sciacna  halalepidnta  Lacepede 
Sciacna  alhida  ( Cuvier  and  Valenciennes) 
Sciacna  bclangcri  (Cuvier  and  Valenciennes) 
Sciaena  glauca  Day 
Sciacna  voglcri  ( Bleeker ) 

Jnhnius  diacanlhus  <  LacepMe) 

Jnhnius  osscus  ( Day ) 

Jnhnius  sina  ( Cuvier ) 

Jnhnius  dussumicri  (Cuvier) 

Jnhnius  cnibnr  (Hamilton) 

J ohnius  cxitlaris  ( Cuvier ) 

Jnhnius  carutla  Bloch 
Sciacnoidcs  biaurilus  (Cantor) 

Pama  pama  (Hamilton) 

Gtnlithus  maculatus  (Cuvier) 

Atractnscion  acquidrns  (Cuvier  I 

LKTHR1N1DAK 
J.clhrinus  rcliculalus  Valenciennes 
I.cthrinus  nchulnsns  (  Forskaal ) 

I'SETTIDAE 

Mrnndactylus  argcntcus  (Linnaeus) 

DKF.i’ANIDAE 
Drcpanc  punctata  (Linnaeus) 

SCATOPHAGIDAE 
Scatnphagus  argus  (Bloch) 

CICHLiDAE 
litrnpius  suratcnsis  (Bloch) 

Etrnplus  maculatus  (Bloch) 

Tilap  i  mossambica  Peters 

NANDIDAE 
X andus  nandus  (  Hamilton) 

BLEW  1 1  DAE 

I’ctrnscirtcs  hhattacharyac  Chaudhuri 
SIC.  AM  DAE 

Siganus  nramin  (  Bloch  and  Schneider) 

Siganus  guttaius  (Bloch) 

.S'iii<iHn.r  vcrmiculatus  (Cuvier  and  Valenciennes) 
Tcuthis  tutor  Gunther 

ANABANTIDAE 
A  nob,  it  Irst-dinrus  ( Bl«»ch ) 

KURT1DAE 
Kurtus  indictts  Bloch 

TRICH1LR1DAE 
/  rich turns  haumcla  (  Forskaal ) 

Trichiurus  mnlicns  Gray 
Trichiurus  savala  Cuvier 
Trichiurus  glossodon  Bleeker 

SPARIDAE 

Acunthtpagrus  bcrda  ( Forskaal) 

Khabdosargus  glt<biceps  (Cuvier) 

Khabdorsargus  trinupidcns  Smith 
thplodus  sargus  Linnaeus 
Ihplodus  Infuse  tains  (  Rafinesque) 

Ltlhognaihus  lilhognathus  (Cuvier) 

SCOMBEKOMOR1DAE 
/ ndncybnm  guttatum  (  Bloch  and  Schneider) 

(  \f>ium  commcr  jonu  ( lacepede ) 

Cyl'ium  knhlii  Cuvier  and  Valenciennes 

STROM  ATEI  DAE 


ELEOTRIDAE 
Hutis  butis  (Hamilton) 

Eleotru  fusca  (Bloch  and  Schneider) 

Oxyleotris  marmoratus  (Bleeker) 

GOBIIDAE 

Cobius  sadanundio  (Hamilton) 

Gobius  nudiccps  Cuvier 
Cryptoccntrus  gymnocephalus  (Bleeker) 
Psaiumngobius  knysnaensis  Smith 
Acentrognbius  globiceps  (Hora) 

Bathygubius  fuses:;  (Ruppel) 

Brachygobius  nunus  ( Hamilton) 

Glossogobius  binccl lotus  (Valenciennes) 
Glossogobius  giuris  (Hamilton) 

Glossogobius  mas  Hora 
Gobinptrrus  chuno  (Hamilton; 

Olignicpis  cyltndriceps  ( Hora) 

Olinnlcp ucutipennis  (Valenciennes) 

Oxyurichthys  n.icrolcpis  ( Bleeker) 

Oxyurichthys  tcntacularis  ( Valenciennes) 
Paracohiopsis  nstreicnla  (Chaudhuri) 
Parapocryptes  rictuosus  ( Valenciennes) 

Apocryp'cs  bato  (Hamilton) 

Pseudapocryptes  hnccolatus  (Bloch  and  Schneider! 
Boleophthalmus  hoddatrti  (Pallas) 

Stigmatogohius  javonicus  (Bleeker) 

Stigmatogobius  minima  ( Hora) 

TAEMOIDIDAE 

Gobioidcs  cacculus  (Bloch  and  Schneider) 

Gobioides  anguillaris  (Linnaeus) 

Odontomblyopus  rubicundus  (Hamilton) 

Tacnioidcs  chilhensis  Chaudhuri 
Trypauchcn  vagina  (Bloch  and  Schtieider) 

PERIOPHTHALMIDAE 
Pcrinphthalmv.s  koelreulrri  (Pallas) 

CLIMDAE 

Clinus  supcrciliosus  (Linnaeus) 

PLATYCEPHAL1DAE 
Thysanophrys  indicus  (Linnaeus) 

Platycrphalus  insidiator  (Forskaal) 

Platycephalus  punctatus  (Cuvier  and  Valenciennes) 
BOTH  I  DAE 

Pscudorhombus  arsius  (Hamilton) 

Typhlachinus  coccus  Hardenberg 

SOLEIDAK 

Brachirus  pan  ( Hamilton) 

Brachirus  nricntalis  (Bloch  and  Schneider) 

Solca  blrrkcri  Boulenger 
lUtcromy.  teris  capensis  Kaup 

CYNOGLOSSIDAE 
Cynoglossus  brevis  Gunther 
Cynoglossus  cynoglossus  (Hamilton) 

Cynoglostus  lingua  (Hainilton) 

Cynoglossus  man  opus  (Bleeker) 

Cynoglossus  punlieeps  (Richardson) 

MASTACEMBKUDAE 
Macrognathus  aculratus  ( Bloch) 

Mastaccmbclus  ormolus  (Lacepede) 
TRIACANTHIDAE 

Triacanthus  brrvirostris  (Temminck  and  Schtegel ) 

TETKODONTIDAK 
Ckclonndon  pataca  (Hamilton) 

^Torauigcncr  oblcmgus  (Bloch) 

Chclnnodon  fluvialilut  I  Hamilton) 

Arothrtm  reticularis  (Bloch) 

M anolrrtus  culculia  (Hamilton) 


Parastromatfus  ntger  (Bloch) 

Pampus  argenti  ne  (Euphrairn)  BATRACHOID1DAE 

Pampas  ehinensis  t  Euphrasen)  Batrachus  gruuuims  (  Linnaeus) 

(Continued  on  next  page) 
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Fig.  1.  Fishing  with  a  fixed  hag  net  in  the  Ganges 
Estuary. 


(Continued  from  p.  64*4) 

Macrobrachium  rude  (Heller) 
Macrobrachium  scabriculun  ( Heller) 
Palaemon  carcinus  ( Linnaeus) 
Palaemon  latnarrei  H.  M.  Kdw. 
Palaemon  styliferus  H.  M.  Kdw. 
Palaemon  tcnuipcs  (  Henderson  ) 
Palaemon  fluminicola  Kemp 
Caridina  yracil'toslris  de  Man 
dcctct  indints  H.  M.  LuU  . 


heavy  wooden  anchors  are  used  instead  of  wooden 
posts  or  bamboo  poles.  In  very  deep  waters,  hag  nets 
are  operated  in  pairs  from  anchored  !>o.i(s,  one  net 
lieing  set  on  either  side  of  the  boat  or  from  wire  ropes 
laid  across  the  estuary.  Tidal  water  is  allowed  to  flow 
through  the  net  and  a  variety  of  small-sized  fish  are 
caught. 

In  the  Sunderbans  Estuary,  various  types  of  gill 
nets,  drift  nets,  cast  nets,  encircling,  and  drag  nets 
are  used  for  hilsa  fishing.  In  the  Sunderbans,  as 
well  as  in  the  Mahanadi  Estuary,  narrow  creeks  are 
often  fenced  off  at  high  tide  with  walls  of  bai.  Loo 
slats  or  with  netting.  At  low  tide,  if  the  creek  <s 
drained  dry.  the  fish  arc  caught  by  hand;  if  not,  the 
stranded  fish  are  caught  with  cast  nets  or  smaller 
seines.  In  the  Mahanadi  Estuary,  even  wider  creeks 
may  he  fenced  off  and  the  fish  are  driven  towards  the 
fence  by  beating  the  water  with  poles  and  caught  with 
the  help  of  a  seine  dragged  towards  the  fence. 

In  the  Chilka  Lake,  commercial  fishing  is  generally 
done  with  nets  for  fish  and  traps  for  prawns  and 
crabs.  Gil!  nets  and  drag  nets  are  used  for  catching 
hilsa,  cock-up,  and  grey  mullets.  Special  types  of 
drag  .-.els  are  used  for  catching  smaller  fish.  The 
most  common  prawn  trap  is  made  of  bamboo  slats, 
and  consists  of  a  bamboo  screen  measuring  about  40 
by  4  feet  which  serves  as  a  guide  for  directing  the 
prawns  into  the  prism-shaped  trap  also  made  of  bam¬ 
boo  strips.  Crabs  are  caught  in  cage  traps.  Barri¬ 
cades  of  bamboo  screens  provided  with  openings  are 
used  for  fishing  in  a  low-lying  area  about  a  mile  long 
and  a  few  yards  wide.  During  rains  the  enclosed  area 
is  filled  as  high  as  Hoodwater  will  permit  and  then  the 
openings  arc  blocked,  thus  trapping  fish  within  the 
enclosure.  Fishing  takes  place  from  the  end  of  Oc- 
tolter  to  February,  when  the  water  level  falls.  The 
catches  consist  largely  of  immature  fish. 

In  the  estuaries  of  Krishna  and  Godavari,  the  most 
common  (i  dling  gear  is  the  Rangoon  net,  a  floating 
gi’l  net  in  which  large  fish  become  entangled  after 
gibing.  The  bulk  of  the  catches  of  hilsa  from  these 
estuaries  is  landed  with  this  net,  incidental  catches 
being  the  threadfin  and  the  cock-up. 

In  l’ulicat  Lake  drag  nets  or  beach  seines  are  com¬ 
monly  used.  The  Konda  Valai  is  a  peculiar  fishing 
implement  about  65  feet  long  and  only  about  24  indies 
deep  i.i  the  form  of  a  shallow  bag.  the  mouth  of  which 
is  kept  open  bv  means  of  short  sticks  along  its  length. 
It  is  operated  like  a  shore  seine  or  set  in  a  semicircle 
and  fish  driven  into  :t  with  the  help  of  a  scare  line. 
Stake  nets,  set  nets,  gill  nets,  cast  nets,  and  torches 
in  conjunction  with  fish  baskets,  are  also  used  ex¬ 
tensively  . 

Very  familiar  landmarks  along  the  backwaters  of 
the  Tnsvanco'c-v'ochir  area  in  Kerala  are  the  Chinese 
dip  nets  installed  all  along  the  banks  (Fig.  2).  The 
net  is  hung  front  a  wooden  framework  and  is  dipped 
and  raised  with  the  help  of  a  lever  arrangement.  At 
night  lanterns  are  tied  to  the  net  frame  to  serve  as 
lure  ami  appreciable  catches  are  obtained ;  the  main 
advantage  of  the  net  is  that  it  can  be  operated  at  any 


Crabs  belonging  to  different  genera  and  species  are 
abundant  along  the  estuarine  shores  and  swamps,  but 
those  of  economic  importance  affording  minor  fish¬ 
eries  are  the  swimming  crabs  belonging  to  the  genera 
Seylla  and  Septimus.  Scylia  serrata  (  Forskaal),  Sep- 
tunus  pelagic  us  (  Linnaeus  i.  and  Sept  units  sar.guino- 
lentus  ( Herhst  I  are  the  most  common  forms.  The 
oyster,  Ostrea  riiginiana,  occurs  in  Chilka  Lake  and 
Ostrea  madt asensis  and  Ostrea  cundlata  in  lagoons 
and  mitiov  estuaries  on  the  Madras  coast.  Meretrix 
spp.  are  found  abundantly  in  the  channel  area  of 
Chilka  Lake,  ,»nd  extensive  clam  )>cds  occur  in  the 
liackwaters  of  Kerala.  Shells  of  these  are  collected 
in  large  quantities  for  uanufactuie  of  lime.  In  Tam- 
blegam  Ligoou  in  Ceylon  the  windowpane  oyster 
( Placune  placenta  i  is  found  in  fishable  numliers  and 
from  the  shallow  waters  of  many  hays  and  lagoons  sea 
cucumbers  ( llololhuria  spp.)  are  collected  for  the 
preparation  of  bcche-de-mcr. 

CAPTURE  FISHERIES  OF  THE 
MAJOR  ESTUARIES 

Ejsiiisi;  Mktiioiis 

The  commonest  method  of  fishing  in  the  estuaries 
of  rivers  in  the  Indian  subcontinent  is  by  means  of 
t  fixed  bag  nets  (  Fig.  I  i.  Bag  nets  of  different  sizes 

are  set  against  the  current  in  shallow  areas  by  fasten¬ 
ing  the  wings  to  wooden  posts  or  baiultoo  poles  driven 
,  into  the  bottom,  the  mouths  of  the  nets  l>eing  kept 

open  by  means  of  bamlioo  poles.  In  deejier  waters 


kmi  \k::vk  nsiiKki:>  of  iiik  imiiw  cxf:\n  ciiam  .1  /o\f; 
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I'  iff-  2.  1  he  Chinese  slip  net  commonly  used  in  the 
backwaters  of  Kerala. 

time  under  any  weather  conditions  and  ensures  some 
catch  every  day.  Cast  nets  are  extensively  used  in  the 
backwaters  and  catch  a  good  part  of  the  prawns  and 
shrimps  landed  from  these  areas.  A  striking  sight  in 
the  backwaters  is  the  enormous  number  of  commercial 
rod-and-line  fishermen.  From  a  very  small  dugout 
canoe  manned  by  a  single  fisherman,  three  or  four 
rods  may  he  operated  and  appreciable  quantities  of 
quality  fish  are  tnus  caught.  The  right  to  operate 
fixed  hag  nets,  generally  called  stake  nets  because  of 
their  being  tied  to  stakes  driven  into  the  bottom  at 
different  spots  in  the  backwaters,  is  leased  out  by  the 
government  and  the  catches,  consisting  mostly  of 
small  fish,  are  sun-dried.  Besides  these,  a  variety  of 
gill  nets  with  scare  lines,  encircling  nets,  etc.,  are 
also  operated  in  the  backwaters. 

In  Lake  Negumbo,  and  other  lagoons  in  Ceylon, 
a  variety  of  fishing  implements  such  as  rixl  and  line, 
hand  lines,  cast  nets,  harrier  nets,  prawn  traps,  crab 
nets,  and  brush  pile  traps  are  employed  for  fishing.  A 
very  effective  fishing  device,  though  considered  very 
destructive  to  fish  stocks,  is  the  use  of  fish  kraals  or 
weirs  built  across  tidal  rivers  and  shallow  estuaries. 

La  n  in  no.s 

Owing  to  the  scattered  nature  of  the  fisheries  and 
the  lack  of  specified  landing  places,  the  collection  of 
fish  landing  statistics  from  most  of  the  estuarine 
areas  in  the  Indian  Ocean  coastal  rone  is  difficult. 
Only  in  the  Hooghly-Mat’ah  estuarine  system  of 
Sunderbans  in  West  Bengn'  has  an  attempt  been 
made  to  collect  statistics  of  catch  and  effort  ( I’illay, 
I960;  Pillay  and  (ihosh,  1964)  by  a  stratified  sam¬ 
pling  survey.  The  total  annual  production  from  this 
area  is  estimated  to  average  around  3.500  metric  tons. 
1'he  hag-net  fishery  normally  accounts  for  about  70 
percent  of  the  catch  and  production  was  estimated 
to  lie  1.986  metric  tons  in  1958  and  2.471  in  1959. 
The  catch  per  net  (of  800  to  1.000  meshes  along  the 
periphery)  per  tide  varies  with  the  distance  of  the 
fishing  spot  from  the  sea.  The  maximum  catches  are 


from  Xovemlier  to  January  when  the  average  catch 
per  net  was  175.*;  kg.  Prawns  constitute  lietween  16.6 
and  28.9  percent  and  Bombay  duck  19.5  to  38.8  per¬ 
cent.  Miscellaneous  fishes  (  small  clupeids.  catfish,  sci- 
aenids.  scad,  and  gobies  )  form  18  to  22  percent  of 
the  catches.  I’aiiia  pama,  Trichiurus  spp.,  Sclipittna 
spp.,  Sillayo  panijius,  Ostcngcncosus  militaris,  Po¬ 
ky  new  us  paradiscus,  Coilia  spp..  and  llisha  spp.  are 
the  other  important  species. 

The  production  of  fish  from  Chilka  Lake  has  been 
estimated  on  the  basis  of  export  figures  and  the  quan¬ 
tities  of  fish  dried  locally  added  to  a  rough  estimate  of 
local  consumption  (  Jones  and  Sujansinghani,  1954). 
I*  or  1948  the  estimated  total  production  was  about 
3,900  metric  tons.  The  average  production  may  be 
taken  as  about  3.300  metric  tons,  w'hich  is  about  3C.15 
kg  per  hectare' ha).  Mullet,  clupeids,  catfish,  sci- 
aenids,  perch,  threadfin,  beloniformes,  and  prawns 
form  the  main  constituents  of  the  catches.  Marked 
fluctuations  in  production  have  I  teen  observed  and  it 
is  suspected  that  the  lake  is  being  over-exploited. 

The  Mahanadi  Kstuary,  till  recent  years,  has  been 
cut  off  from  the  main  consuming  centers  and.  prob¬ 
ably  because  of  this,  fishing  effort  in  the  estuary  has 
not  been  as  intensive  as  in  most  other  estuaries  of 
the  Indian  subcontinent.  It  has  not  yet  been  possible 
to  obtain  a  reliable  estimate  of  the  landings  from  this 
e*o»ary,  bill  ’he  composition  of  catchy  L  rough!.,  the 
same  as  in  Chilka  Lake.  Production  figures  for  the 
whole  of  Pulicat  Lake  are  not  available,  but  landings 
from  three  important  fishing  centers  in  one  year 
amounted  to  about  2.562  tons  (Chacko  el  al,  1953), 
mullets  and  prawns  constituting  the  major  part  of  the 
catches.  Statistics  of  landings  from  other  estuaries 
in  India  are  not  available.  The  production  of  prawns 
trom  the  Travancore-Cochin  backwaters,  however, 
has  been  roughly  estimated  at  10.000  tons  per  year. 

In  Ceylon,  the  landings  from  Lake  Negumbo  are  re¬ 
ported  to  be  almut  65  |K>unds  |>er  acre.  Other  lagoons 
in  the  country  are  estimated  to  have  similar  produc¬ 
tivity 

Utilization  of  Catches 

In  the  Indian  subcontinent  as  a  whole  the  prefer¬ 
ence  of  consumers  is  for  large  fish,  except  for  fishes 
like  Polynemus  paradiscus,  which  are  considered  a 
delicacy  though  attaining  only  a  small  size.  In  the 
Sunderbans  Kstuary  the  main  fishing  season  is  in  the 
winter;  quality  fish  purchased  from  the  fishermen  by 
fish  traders  are  preserved  in  ice  on  carrier  boats  and 
transported  to  landing  centers  up  the  estuary  where 
they  are  repacked  and  transported  to  markets.  The 
smaller  fish  are  drier!  on  specially  constructed  plat¬ 
forms,  or,  as  in  the  case  of  Bombay  duck,  ribbon 
fish,  etc.,  are  hung  on  ropes  (Fig.  3).  Very  small 
sciaenids  and  similar  fish  which  have  no  market  as 
food  are  dried  on  the  beach  for  use  as  manure. 

At  Chilka  I-ake.  fish  preserved  in  crushed  ice  are 
brought  to  landing  centers  in  boats.  Here  all  fish 
meant  for  exjxirt — the  majority  of  the  catches  are 
ex|>orted  to  Calcutta — are  repacked  in  ice  in  bamboo 
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Fig.  3.  Bombay  duck  being  sun-dried  in  the  Sunderbans. 


baskets  and  transported  by  train.  During  the  main 
fishing  season  in  the  winter  months,  railways  operate 
“'fish  specials”  for  the  transport  of  Chilka  fish.  In 
recent  years  the  railways  have  introduced  refrigerated 
rail  vans.  The  less  important  varieties  of  fish,  like  en- 
graulids  and  small  clupeids  as  well  as  small  shrimps, 
are  dried  with  or  without  salting.  The  dried  fish  are 
transported  to  inland  areas,  mainly  in  the  State  of 
Orissa,  for  local  consumption. 

The  bull;  of  the  .itches  f-« m  the  M-H-mrtdi  Kitu.ify 
is  dried.  A  small  fresh  fish  trade  has  developed  in 
recent  years  as  a  result  of  the  installation  of  an  ice 
plant.  Fresh  fish  is  now  sent  to  Cuttack  and,  during 
the  main  fishing  season,  some  quantities  are  trans¬ 
ported  by  rail  to  Calcutta.  The  catches  from  Krishna, 
Godavari,  and  Cauvery  Estuaries,  especially  the  hilsa, 
are  transported  on  cycles  or  horse-carriages  to  the 
nearest  markets.  Other  fish  are  also  sold  fresh,  but 
when  catches  are  larger  than  can  be  marketed  locally, 
they  are  dried,  especially  the  small -sized  fish.  Catches 
from  the  Pulicat  Lake  are  marketed  fresh,  mostly  in 
Madras.  The  catches  from  the  hackwaters  of  Travan- 
core-Cochin  (  Kerala  i  are  also  mostly  sold  fresh,  ex¬ 
cept  for  very  small  shrimps  and  miscellaneous  catches 
ot  stake  nets.  The  bigger  prawns  are  sold  to  freezing 
and  canning  companies  in  Cochin  for  processing  and 
export. 

Trends  in  the  Devf.i.oi-ment  of 
Capture  Fisheries 

The  existing  world  market  for  prawns  and  shrimps 
has  encouraged  intensive  fishing.  The  establishment 
of  large-scale  freezing  and  canning  industries  in  Co¬ 
chin  is  partly  to  utilize  the  catches  from  the  estuarine 
areas,  including  the  rice  fields.  Establishment  of  such 
processing  plants  in  other  estuarine  areas  is  either 
under  way  or  planned.  The  trend  is  to  utilize  as  much 
of  the  catch  as  |<ossiWe  fresh,  iced,  or  frozen  and  as 
a  consequence  the  dry  fish  trade  is  dwindling.  There 
are  certain  fishes,  however,  like  the  Bombay  duck 
which  are  not  relished  fresh  and  must  I*  drier  I  for 
marketing. 

In  the  Sunder  lain  Estuary  inietisivr  fishing  is  re¬ 


stricted  to  the  winter  season,  when  the  estuary  is  cairn 
and  the  local  boats  can  operate  safely.  The  use  of 
mechanized  boats  suitable  for  ofieration  during  rough 
weather  may  help  to  extend  the  fishing  season  and 
thereby  the  production.  Trawling  experiments  were 
recently  conducted  from  a  sjiecially  designer!  trawler. 
While  the  total  landings  by  the  trawler  were  not  par¬ 
ticularly  low,  very  few  quality  fish  were  caught  and 
the  experiments  did  not  indicate  the  possibilities  of 
commercial  trawling  in  the  estuaries.  Long  lines, 
gill  nets,  and  drift  nets  generally  catch  quality  fish 
and  the  operation  of  such  nets  from  safer  mechanized 
decked  boats  may  be  feasible  under  conditions  in 
Chilka  Lake  and  other  es  uaries. 

In  Travancore-Cochin  backwaters,  operation  of 
small  shrimp  trawls  has  also  given  encouraging  re¬ 
sults  and  it  may  lie  |x)ssihle  to  establish  a  small  trawl 
fishery  there,  at  least  for  shrimps. 

Preliminary  trawling  ex|>eriments  in  the  estuarine 
areas  of  Kenya  with  a  shrimp  trawl  have  given  en¬ 
couraging  results  ( Wilkinson,  personal  communica¬ 
tion).  The  catches  averaged  about  91  kg  ]>er  half 
hour. 

As  mentioned  earlier,  considerable  fishing  in  the 
estuaries  is  done  with  fixed  hag  nets  or  stake  nets, 
and  a  large  percentage  of  the  catches  consists  of 
young  and  immature  fish,  the  market  value  of  which 
is  very  low.  Many  workers  have  advocated  regulation 
of  this  type  of  fishing  to  reduce  the  capture  r(  imma¬ 
ture  fish.  Exneriniental  fishing  with  cover  nets  has 
shown  that  very  few  juveniles  arc  able  to  escape  from 
the  cod  ends  of  fixed  hag  nets  when  they  are  in  opera¬ 
tion.  If  nets  of  larger  mesh  could  bring  in  catches  of 
equivalent  value,  if  not  of  equivalent  weight,  there 
may  not  lie  much  difficulty  in  enforcing  regulation  of 
mesh  size.  There  is  a  general  lielief  that  the  Sunder- 
lians  Estuary.  Chilka  Like,  and  Travancore-Cochin 
backwaters  are  being  overfished.  As  yet.  there  is  no 
evidence  to  prove  this,  hut  investigations  are  now 

under  way.  In  Chilka  Lake,  however,  the  silting  of 

the  channel  that  connects  it  with  the  sea  has  been 

recognized  as  the  one  main  cause  for  reduction  of 

catches.  The  silt  accumulation  restricts  the  migration 
of  juveniles  and  other  young  fish  into  the  lake  from 
the  sea.  and  hinders  movement  of  adult  fish.  Regular 
dredging  cf  the  clin-i"  I  has  Keen  suggested 

Except  in  restricted  areas  in  the  hackwaters  of 
Travancore-Cochin.  no  effect  of  |M>llution  on  estuarine 
fisheries  lias  been  noticed  But  large-scale  reclamation 
projects  in  estuarine  areas,  as  those  in  progress  in 
parts  ol  Sundrrhans  and  in  Travancore-Cochin  hack 
waters,  are  Ixrnnd  to  affect  the  fisheries  Projxr  ap¬ 
praisal  of  the  socio-economic  aspects  of  such  project- 
in  relation  to  the  fishing  industry  has  not  been  made 
and  one  cannot  overemphasize  the  need  for  it. 

CCLTCKK  FISHERIES  IN 
ESTfARINK  AREAS 
Land  Reclamation  and  Fimi  Ci  itcre 

Very  extensive  saline  swamps  similar  to  I  hose  ol 
the  deltaic  regions  of  rivers  in  the  Indian  Ocean 
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4.  A  view  of  a  brackish-water  fish  farm  on  the 
west  coast  of  India. 


coastal  zone,  as  well  as  shallow  mud  flats,  are  also 
found  along  the  margins  of  lagoons,  hays,  and  creeks. 
A  system  of  culturing  fish  as  a  phase  in  the  reclama¬ 
tion  of  such  swamps  for  agriculture  has  developed  in 
this  area  from  ancient  times  (Schuster.  1952;  I’illay. 
1958).  The  swamps  are  banked  with  dikes  to  take  in 
water  at  high  tide,  and  the  sus|>eiided  silt  settles  on  the 
Ivrttom,  slowly  raising  its  level.  It  may  take  several 
years  tor  the  land  to  lie  raised  sufficiently  for  cultur¬ 
ing  paddy.  During  this  period  the  area  can  be  used 
for  growing  fish.  The  tidal  water  brings  in  the  fry 
of  commercially  ini|>ortant  fishes,  including  prawns, 
and  by  the  provision  of  suitable  sluice  gates  and  by- 
taking  in  tidal  water  regularly  during  the  periods  of 
abundance  of  fry.  the  areas  can  he  stocked  with  ade- 
i|uatc  quantities  of  seed  for  rearing.  Screens  are  pro¬ 
vided  in  the  sluice  gates  to  prevent  the  esca|>e  of  fish 
or  the  ingress  of  extraneous  fish.  Commercial  brack¬ 
ish-water  fish  culture  in  the  Indian  Ocean  coastal 
zone  originated  in  this  manner  ana  original  practice 
is  still  followed  without  much  modification  in  many 
area*  in  India  t  I’illay.  1954)  and  Pakistan.  When 
the  land  level  is  sufficiently  raised,  intake  of  tidal 
water  is  discontinued  and  rain  water  is  collected  to 
leach  the  salt  from  the  soil.  This  may  be  done  for 
two  or  three  seasons,  after  which  the  faddy  may  he 
planted.  The  plot  will,  however,  have  the  canal  sys¬ 
tem  inside  the  dike  ( tlug  for  obtaining  earth  to  con¬ 
struct  the  dike)  and  these  canals  are  used  for  cuUur- 
mg  brackish-water  fishes.  Many  farmers,  who  have 
found  fish  culture  to  he  niore  remunerative  than 
growing  paddy,  utilize  the  emhanked  areas  entirely 
for  fish  culture,  and  the  *dt  deposited  is  regularly 
removed  to  maintain  sufficient  depth  of  water 

Brack  is  it -water  Kim'  Post** 

Hie  incidental  use  of  swampy  land  for  raising  fi-h 
promoted  a  system  of  intensive  fish  culture.  Fish 
(Minds  of  different  design  and  shape  hegan  to  he  con 
strutted  lor  the  v4e  purpose  of  culturing  fish  on  * 
commercial  scale  l  F'ig.  4).  Brackish-water  fish  cul¬ 


ture  has  developed  on  a  very  large  scale  in  Indonesia 
(  particularly  the  islands  of  Java  and  Madura  ).  About 
200, (XX)  acres  of  |>onds,  locally  called  “tambaks”,  have 
lieen  constructed  in  the  mangrove  swamps  and  nearly 
33  million  pounds  of  fish  are  produced  from  these 
(Schuster,  1952).  In  Indonesia,  as  in  some  of  the 
neighboring  Asian  counties,  this  industry  is  largely- 
based  on  the  milk  fish,  Chants  chanos,  which  is  highly 
relished.  As  the  fish  does  not  breed  in  capitivity,  post- 
larvae  and  juveniles  are  collected  from  the  inshore 
areas  from  September  to  December  and  April  to  May 
and  transported  to  the  fish  pond  areas  in  special  con¬ 
tainers  (flat,  watertight  bamboo  baskets).  The  col¬ 
lection.  transport,  and  sale  of  fish  seed  constitute 
an  industry  of  some  magnitude.  The  annual  require¬ 
ments  for  the  tambaks  of  Java  and  Madura  are  esti¬ 
mated  to  he  about  190  to  200  million  fry.  The  fry 
often  pass  through  several  hands  before  they  reach 
the  farmers.  Puntius  javaniau  and  Tilipia  motsam- 
bica  are  also  stocked  in  some  of  the  brackish-water 
(Kinds  in  Indonesia.  In  India  selective  stocking  of 
brackish-waier  fish  (>onds  is  done  only  in  government- 
owned  fish  farms.  Grey  mullet,  pearl  spot,  prawns, 
or  milk  fish  fry  are  collected  with  close-meshed  seines 
from  nearby  areas  and  transported  directly  to  the 
farms.  Different  tyjies  of  layouts  are  adopted  for 
hrackish-water  fish  farms.  In  Java  the  improved 
porong  tyjie  of  farm  is  considered  the  most  satisfac¬ 
tory.  On  the  average,  they  are  about  7.5  ha  in  extent 
and  consist  of  3  to  10  irregularly  shaped  sections 
connected  by  secondary  sluice  gates,  the  whole  being 
controlled  by  a  main  gate  which  is  located  in  a  deep 
portion  having  a  ch-vmH  (n  the  middle.  Kach  porong- 
type  of  farm  has  fry  ponds  tnuiJcry  uonds)  of  about 
90  to  900  square  meters,  and  rearing  ponds  of  900  to 
4.500  square  meters.  The  growing  period  ranges  from 
6  to  10  months,  when  the  milk  fish  attains  a  weight 
of  about  350  g  Prawns,  mullet,  catfish,  and  snapper 
gain  access  to  the  ponds  and  contribute  to  the  pro¬ 
duction. 

The  production  of  adequate  quantities  of  benthic 
algae  of  the  desired  type  is  the  most  important  cul¬ 
tural  technique.  Nursery  ponds  are  drained  and  dried 
to  eradicate  predatory  and  weed  fishes  and  to  hasten 
decomposition  of  organic  matter.  A  depth  of  only  3 
to  5  cm  of  tidal  watrr  is  taktn  in  and  allowed  to 
stand.  Within  3  to  7  days  a  brownish,  greenish,  or 
yellowish  layer  of  microorganism*  (predominantly 
bacteria,  unicellular  and  filamentous  Myxophyceae, 
especially  Oscillatoriacrse.  fragments  of  filamentous 
green  algae,  aixi  distant*,  a*  well  as  prototnan*.  cope- 
pods.  ostracod*.  (ree-iwing  Hat  woim*.  round  worm*, 
and  larval  form-  cf  molluscs  and  larger  crustacean*  t 
develops  on  the  pond  bottom.  A  good  growth  it  es¬ 
sential  for  the  survival  of  fry.  Fertile  toil,  exposure 
of  pond  lied  fn  intense  light,  low  level  of  stagnant 
clear  water  of  salinity  ranging  from  10  to  40  Sa 
regular  renewal  of  the  pond  water,  and  absence  of 
browsing  animals  in  the  pond  are  believed  to  be  the 
mam  factors  in  inducing  thr  growth  of  such  an  algal 
complex  t  Ka banal  rt  of..  1951).  Kxperitnental  sPxFea 
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and  observations  in  India  have  indicated  that  differ¬ 
ent  algae  have  different  ecological  requirements  for 
their  growth  (  f’illay  cl  al.,  1962).  Higher  tempera¬ 
ture  and  salinity  seem  to  be  generally  conducive  to 
greater  production  of  benthic  algae,  and  the  soil  nu¬ 
trients  appear  to  f>e  of  greater  significance  in  the  pro¬ 
duction  of  benthic  algae  than  nutrients  in  the  water 
phase. 

Chanos  fry  are  planted  in  nurseries  at  the  rate  of 
30  to  55  fry  per  square  meter  and  are  reared  for  a 
period  of  about  30  days  when  they  attain  a  length  of 
5  to  7  cm.  The  average  survival  rate  is  aliout  50 
percent,  but  ex(>erienced  culturists  may  obtain  a  sur¬ 
vival  rate  pf  60  to  80  percent.  In  rearing,  as  well  as 
stocking  ponds,  production  of  benthic  algae  is  of  great 
importance.  While  fry  of  milk  fish  or  mullets  are  not 
able  to  consume  tough  filamentous  algae,  larger  fish 
are  able  to  forage  on  decaying  or  decayed  algae. 
Higher  levels  of  water  in  ponds  encourage  more  pro¬ 
fuse  growth  of  Cldorophyceae.  Limited  green  manur¬ 
ing  with  grass  or  mangrove  leaves  is  practiced  in  In¬ 
donesia,  and  copra  slime,  at  the  rate  of  450  to  900 
kg  iter  ha  has  also  t»een  used  for  the  purpose.  Growth 
and  production  of  fish  in  the  ponds  depend  on  the 
growth  of  algae.  It  is  estimated  that  the  conversion 
ratio  of  wet  algae  to  fish  is  approximately  25  to  30: 1. 
Artificial  feeding  is  not  practiced  except  in  brackish- 
water  nursery  ponds  where  rice  bran  may  lie  used  as 
a  Hxxl. 

As  brackish-water  |ionds  can  generally  lie  drained 
at  low  tide,  capture  of  fish  from  the  ponds  does  not 
present  any  great  difficulty.  The  tendency  of  the  fish 
to  swim  against  the  current  is  utilized  for  partial 
fishing.  When  tidal  water  is  let  into  the  [Hind,  the 
fish  swim  against  the  current  and  can  then  he  led 
into  a  catching  pond  or  similar  area  for  capture.  In 
the  "Miens”  of  India,  special  traps  are  installed  near 
the  sluice  gates  to  trap  the  fish.  Cast  nets  and  sein**® 
are  also  often  used  in  the  ponds.  The  production  of 
fish  varies  considerably  according  to  the  fertility  of 
the  soil,  size  of  [Kinds,  and  other  factors.  The  produc¬ 
tion  of  tamhaks  is  estimated  to  vary  between  50  and 
450  kg  per  ha.  The  total  annual  fish  production  from 
tamhaks  in  Java  and  Madura  is  estimated  to  lie 
8,962,500  kg  <19.759,000  lbs.)  of  milk  fish.  2.940.300 
kg  <6,482,300  lbs.)  of  penaeid  prawns  and  1.496,800 
kg  <  3,300,000  lbs.)  of  other  fish.  The  mortality  of 
fry  during  growth  to  commercial  size  may  lie  from  60 
to  80  percent.  In  well-managed  brackish-water  ponds 
in  India,  a  higher  production  of  1.000  kg  per  ha  f900 
lbs.  per  acre )  has  been  obtained.  In  the  less  inten¬ 
sively  cultivated  blieris  the  production  is  generally 
net  ween  150  and  250  kg  per  ha  f  between  130  and 
220  lbs.  per  acre  ) . 

Brack isii-w.\TKR  Fish  Cui.tire  in  I’appv  Hemes 

The  practice  of  culturing  brackish-water  fishes  in 
saline  swamps  after  reclamation  for  paddy  culture  is 
generally  prevalent  in  parts  ot  india.  Pillay  and  Bose 
(  195 7 )  have  described  the  practice  in  the  deltaic  areas 
of  West  Bengal,  where  the  canal  system  around  the 


big.  5.  A  paddy  field  in  the  Sunderbans.  where  fish  are 
also  cultured. 


paddy  field  is  used  initially  for  rearing  of  fry  taken 
in  with  the  tidal  water  during  the  dry  months.  The 
water  level  in  the  canals  is  maintained  at  about  30 
cm  below  the  level  of  the  paddy  land  until  the  onset 
of  the  southwest  monsoons  in  June.  The  fields  are 
then  prepared  by  manuring  and  seedlings  are  planted 
By  August  the  water  level  in  the  canals  has  increased 
appreciably  from  the  accumulation  of  rain  water,  and 
the  salinity  of  the  water  is  low.  The  bunds  along  the 
canals  are  then  cut  and  the  fish  arc  able  to  migrate 
into  the  paddy  [dots  and  feed  on  the  growth  of  algae 
and  other  microscopic  organisms.  Before  harvesting 
of  the  paddy,  the  water  level  falls  and  the  fish  return 
to  the  canals  where  they  are  easily  captured  (  Fig.  5). 
Grey  mullet  (Mugil  parsia,  M .  lade,  and  M.  cor- 
sula ),  the  cock-up  (Laics  calcarifcr) ,  catfish  (Afystus 
ffitlio ).  and  prawns  (  Palacnion  cardans,  Macrobra- 
chium  rude,  Mctapcnacus  monoccros,  .1/.  brcvicornis 
and  Pcnneus  semisulcalus )  are  the  major  species 
cultured.  The  yield  of  fish  is  lietween  100  and  2(K> 
kg  of  fish  per  ha  (about  90  to  180  lbs.  per  acre  I 
of  paddy  field,  without  in  any  way  affecting  the  yield 
of  the  paddy. . 

The  paddy  fields  in  the  backwater  areas  of  Travan- 
core-C  ichiri  produce  considerable  quantities  of  prawns. 
Panikkar  (1937)  and  Gopinath  (1955)  have  described 
the  methods  adopted.  The  paddy  fields  are  single¬ 
crop  lands  and  the  interval  between  harvesting  and  the 
next  planting  is  utilized  for  growing  prawns.  In  Oc¬ 
tober  after  the  harvest,  the  embankments  are  strength¬ 
ened  and  sluice  gates  installed.  Water  is  let  into  the 
fields  at  high  tide  after  allowing  the  water  level  in 
the  feeder  canal  to  rise  to  the  maximum,  so  that  the 
water  flow  will  carry  in  large  numbers  of  voting 
prawns.  A  large  part  of  the  water  is  drained  at  low 
tide  and  again  at  next  high  tide  the  process  is  re¬ 
peated.  Generally  a  lamp  is  hung  alxnc  the  sluice 
gate  at  night  to  attract  prawns.  The  sluices  arc  fi¬ 
nally  closed  and  the  prawns  arc  allowed  to  grow  for 
periods  up  to  three  months,  after  which  they  are 
captured.  At  neap  tides,  the  water  from  the  field 
is  filtered  through  a  conical  hag  net  having  a  rec- 
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tangul.tr  i ramc  at  the  mouth,  which  is  fixed  in  the 
sluice  pate.  I  lie  water  is  allowed  to  flow  with  force 
so  that  the  prawns  will  also  be  carried  with  it.  The 
catches  are  removed  from  the  cod  end  of  the  net  at 
regular  intervals.  Fishing  may  continue  for  seven  to 
eight  days,  and  a  lamp  may  lx*  used  at  night  to  lure 
the  prawns. 

I  here  arc  alxiut  -MOO  ha  of  such  paddy  fields 
in  the  Kerala  area  and  the  annual  yield  varies  be- 
between  about  785  and  2,135  kg  per  ha.  The  annual 
production  is  estimated  to  be  3,000  to  5,400  tons. 
Prawns  and  shrimps  form  alxmt  80  percent  of  the 
catch  and  the  species  generally  caught  are  Penacus 
indicus,  P.  semisuleatus,  Metapcnaeus  monoccros,  M. 
dobsoni,  Macrobrachium  rude,  Pataemon  styliferus, 
t  arid iiia  g nniltrostris,  and  Acetcs  sp.  Almost  the 
entire  production  is  e.\|x»rted  to  Rangoon,  Singapore, 
and  Hong  Kong  dried  and  shelled. 

Possum. n  ik.s  ok  Expandixi;  Ccltckk  Fisheries 

In  the  estuarine  areas  of  the  Indian  Ocean  coastal 
zone  there  are  extensive  mud  flats,  saline  swamps,  and 
protected  hays  well  suited  for  conversion  into  fish 
ponds,  hut  only  a  very  small  jiercentagc  of  them  is 
living  used  now.  Many  hundreds  of  acres  of  man¬ 
grove  swamps  remain  to  lie  cleared  and  reclaimed  into 
fish  ponds. 

In  Ceylon  it  is  estimated  that  there  are  some 
117,000  ha  of  lagoons  and  estuaries  suitable  for  fish 
culture.  A  very  conservative  estimate  for  India  is 
alxmt  121,200  ha  of  mangrove  swamps  and  264,400 
ha  of  lagoons  and  estuaries.  In  Indonesia  6  million 
ha  of  mangroves  and  8.5  million  ha  of  lagoons  and 
estuaries  are  estimated  to  lx?  suitable  for  fish  culture. 
Pakistan  also  has  some  305,000  ha  of  mangrove 
swamps  and  424.1X10  ha  of  lagoons  and  estuaries  that 
can  !x*  brought  into  fish  production.  According  to 
records,  the  total  area  of  brackish-water  fish  ponds 
presently  existing  in  these  four  countries  is  only  about 
137.3(H)  ha. 

.Most  of  the  countries  in  the  area  are  in  urgent  need 
of  increasing  their  fish  resources  and  the  utilization 
of  these  waste  lands  for  fish  production  can  be  ex¬ 
pected  to  make  a  very  important  contribution  to  the 
solution  of  the  food  problem.  Some  of  the  areas  may 
also  prove  suitable  for  the  culture  of  oysters,  even 
though  the  markets  for  oysters  in  many  of  the  coun¬ 
tries  in  the  region  are  limited. 
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In  this  paper  some  typical  examples  of  the  variety 
of  patterns  which  affect  the  potentiality  of  estuaries 
for  fishery  resources  will  be  discussed  with  particular 
reference  to  the  biological  effects  of  man’s  activities  in 
estuarine  environments. 

An  estuary  in  the  classical  sense  of  the  word  is  the 
more  or  less  broadening  seaward  section  of  a  river, 
through  which  the  fresh  water  flows  towards  the  sea, 
swiftly  on  the  ebb  tide,  slowly,  sometimes  even  in  the 
reversed  direction,  during  the  flood.  Here  the  intri¬ 
cate  interaction  of  the  river  and  the  tides  can  be 
clearly  observed.  Where  the  estuary  is  deep  enough, 
a  salt  wedge  creeps  landwards  under  the  fresher  river 
water;  the  wedge  pulsates  with  the  tides  and  tapers 
off  as  the  distance  from  the  sea  increases,  but  it  al¬ 
ways  shows  a  sharp  halociine  where  it  meets  the  fresh 
river  water  above  it. 

In  such  an  estuary  biological  conditions  are  more 
or  less  inimical  to  fishes  and  invertebrates.  Salinity 
changes  abruptly  and  markedly  in  sections  of  the  es¬ 
tuary,  both  vertically  and  horizontally.  These  changes 
can  be  observed  from  hour  to  hour,  depending  on  the 
tides;  but  in  addition,  longer-term  fluctuations  also 
occur.  These  are  caused  by  variations  in  the  runoff 
of  the  river,  by  the  sequence  of  springs  and  neaps,  and 
by  the  influence  of  prevailing  strong  winds.  It  is  clear 
that  few  fish  species  can  endure  these  ever-changing 
conditions.  And  even  if  food  were  plentiful,  such 
areas  would  not  make  good  spawning  grounds  for 
fishes.  Fish  eggs  and  larvae  attached  to  some  type  of 
substratum  would  not  be  able  to  stand  the  frequent 
and  sharp  changes  in  salinity,  and  pelagic  fish  eggs 
and  larvae  would  be  carried  down  to  the  sea  by  the 
residual  current  long  before  the  larvae  could  develop 
into  invent  is  strong  enough  swim  to  suitable 
habitats. 

F.ven  so,  fishing  can  be  good  in  such  estuaries,  for 
fishes  may  pass  here  in  incredible  numbers  on  their 
way  from  the  sea  to  their  spawning  grounds  in  the 
fresher  water.  These  are  the  anadromous  fishes,  of 
which  the  more  important  in  the  European  waters  are 
salmon,  shad,  sturgeon,  and  smelt. 

The  word  salmon  has  an  almost  magical  sound  to 
both  professional  and  sport  fishermen.  The  river 
Rhine,  in  season,  used  to  teem  with  salmon  making 
their  way  to  their  spawning  grounds  in  Germany, 
France,  and  Switzerland,  Old  paintings  in  art  gal¬ 
leries  reveal  that  salmon  was  on  the  tables  of  the 
poorest  people  in  the  Netherlands.  In  the  Netherlands 
today,  few  people  have  ever  seen  a  salmon  which  did 


not  come  out  of  a  tin,  or  was  on  display,  smoked,  in 
a  fishmonger’s  shop.  The  salmon  disappeared  from 
the  Rhine  River  in  the  first  half  of  this  century 
(Decider  and  Van  Drimmeleu,  1959).  Several  hydro¬ 
electric  dams  were  built  in  the  Rhine  tributaries  and 
the  fish  passes  that  were  constructed  were  not  always 
adequate.  Even  where  they  were,  tin  fish  that  trav¬ 
ersed  them  found  the  formerly  swift-running  upriver 
sections  changed  into  a  series  of  nearly  stagnant  pools, 
and  the  gravel  beds  where  eggs  were  deposited  turned 
into  muddy  bottoms.  Meanwhile  industrial  and  do¬ 
mestic  sewage  has  poured  into  the  river  in  such  great 
quantities  that  the  Rhine  is  now  called  Europe’s  open 
sewer.  In  the  downriver  section,  especially,  the  water 
often  has  a  very  bad  smell,  and  its  oxygen  supply  is 
low  to  very  low. 

Thus  man's  rapidly  increasing  population  and  ex¬ 
panding  industrial  activities  in  this  part  of  Europe 
have  brought  about  profound  ecological  changes  in 
the  rivers  which  hurt  the  fishery  resource.  This  does 
not  mean,  however,  that  the  salmon  is  extinct  in 
Europe,  even  though  it  has  disappeared  from  the 
Rhine  where  it  was  once  most  plentiful.  In  other 
countries,  such  as  Ireland,  Iceland,  Scotland.  Norway, 
and  Sweden,  there  remain  rivers  where  ecological 
conditions  have  hardly  changed,  and  salmon  run  there 
in  considerable  numbers. 

The  shad,  too,  is  an  anadromous  fish,  but  it  does 
not  make  its  way  upriver  as  far  as  the  salmon.  Of 
the  two  species  once  teeming  in  the  Rhine  River. 
Alosa  aloso  (L.)  and  Alosa  jallax  (Lac.),  only  the 
latter  remains.  The  former,  which  is  the  larger  vari¬ 
ety,  and  used  to  lie  enjoyed  as  a  smoked  product,  was 
formerly  caught  by  the  millions  in  the  Rhine  Estuary. 
It  has  disappeared  from  the  Rhine  as  a  result  of  over¬ 
fishing  and  pollution.  A.  jallax  siill  occurs  there,  some 
years  in  fair  numbers,  but  it  is  a  fish  of  little  'mpor- 
tance  commercially  because  of  its  poor  table  qualities. 

The  third  anadromous  fish  in  European  waters  is 
sturgeon,  of  which  there  are  several  species,  those 
from  southeastern  Europe  being  renowned  for  caviar. 
Acipenser  sturio  ascends  the  rivers  of  the  Atlantic 
coast  of  Europe,  although  only  in  small  numbers.  T" 
the  Netherlands’  estuaries,  where  this  species  '  .. 
once  common,  it  has  become  a  rarity.  Recent  excava¬ 
tions  uncovered  a  prehistoric  village  in  the  vicinity  of 
Rotterdam.  The  numerous  remains  of  sturgeon  scales 
that  were  found  indicate  that  sturgeon  fishing  must 
have  lieen  a  major  occupation  of  the  people  living 
there. 
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The  fourth  anadromotis  fish  is  the  smelt  Ormenu 
eperhmus  (L.),  a  small  salmonoid  fish.  It  lives  chiefly 
in  brackish  water,  often  in  estuaries,  and  moves  some¬ 
what  farther  upriver  to  spawn  in  early  spring.  Its 
economic  importance  is  limited. 

Taking  the  meaning  of  the  word  estuary  in  a 
broader  sense,  we  find  a  number  of  instances  where 
fish  and  invertebrates  occur  in  tremendous  numbers 
and  have  supported  great  fisheries,  often  since  time 
immemorial.  In  pounds  of  yield  per  surface  area  these 
estuaries  are  much  richer  than  the  open  sea  in  food 
resources.  Several  ecological  factors  may  contribute 
to  their  productiveness,  as  illustrated  in  examples 
described  below. 

Zl'IDF.R  ZEE 

Some  estuaries  are  characterized  F  huge  body 
of  brackish  water,  with  a  fairly  wide  opening  to  the 
sea.  In  these,  reduced  salinity,  higher  sumner  tem¬ 
peratures  as  compared  with  the  open  sea,  and  abun¬ 
dance  of  food  support  large  populations  of  fish  y  .cies. 

The  old  Zuider  Zee  was  a  good  example  iA  such 
an  estuary  until  completion  of  its  enclosure  and  sepa¬ 
ration  from  the  Wadden  Zee  in  1932.  Its  main  com¬ 
munication  with  the  North  Sea  was  the  wide  and 
deep  Mars  i)icp,  situated  between  the  island  of  Texel 
and  the  mainland  of  the  province  of  North  Holland. 
The  Mars  Diep  leads  into  the  Wadden  Zee  behind  the 
Frisian  Islands;  but  to  the  south  it  was  formerly  con¬ 
tinuous  with  the  Zuider  Zee.  The  funnel-shaped 
northern  secticn  of  the  Zuider  Zee  was  some  eight 
to  nine  meters  deep  and  had  predominately  a  sandy 
bottom.  It  was  an  arer  of  about  1,000  square  kilo¬ 
meters.  South  of  the  narrowing  between  the  old  cities 
of  Enkhuizen  and  Staveren  began  the  bag-shaped 
widening  of  the  Zuider  Zee,  which  was  about  three 
iO  four  meters  deep,  with  a  predominantly  muddy  bot¬ 
tom,  and  here  and  there  some  sand  nanks  and  sections 
with  a  subsoil  of  peat.  This  area  measured  about 
2,700  square  kilometers.  The  river  IJssel,  a  branch 
of  the  Rhine,  poured  its  water  into  the  Zuider  Zee 
at  tbe  eastern  coastline,  not  far  from  the  city  of 
Kampen. 

In  the  funnel-shaped  northern  section  tidal  cur¬ 
rents  contributed  to  its  furrowed  sandy  bottom.  The 
salinity  in  the  Wadden  Zee  fluctuated  between  20  and 
30  %c:  and  the  funnel-shaped  northern  section  of  the 
Zuider  Zee  had  salinities  roughly  between  15  and  20  %c. 
In  the  bag-shaped  widening,  salinities  were  lower, 
from  10  to  15  %c  in  the  northern  portions,  slightly 
under  10  %c  farther  south,  with  minimum  values  in 
the  vicinity  of  the  river  IJssel.  Tides  had  a  very 
modest  range  here,  ar.d  wind  was  the  important  fac¬ 
tor  in  bringing  about  water  Jisplaccments.  The  bot¬ 
tom  was  predominantly  muddy,  leading  to  resuspen¬ 
sion  of  sediments  during  strong  winds,  hence  the 
greyish-green  color  of  the  water.  In  summer,  water 
temperatures  in  the  old  Zuider  Zee  were  several  de¬ 
grees  higher  than  in  the  adjacent  section  of  the  North 
Sea;  in  winter  they  were  several  degrees  lower,  often 
leading  to  ice  formation.  Plankton  was  tremendously 


abundant,  since  the  productivity  in  this  shallow  body 
of  water  was  continuously  promoted  by  the  nutrients 
brought  in  by  the  IJssel  River,  and  by  the  mineraliza¬ 
tion  of  domestic  sewage  brought  into  the  Zuider  Zee 
hv  the  city  of  Amsterdam  and  a  number  of  smaller 
cities  and  villages  fringing  the  coastline.  Plankton 
was  abundant,  but  it  was  comprised  of  few  species,  for 
only  those  adapted  to  mesohalint  conditions  could  sur¬ 
vive.  Among  the  phytoplankters  the  diatom  Coscino- 
discus  biconiats  predominated;  among  the  zooplank- 
ters  copepods  such  as  Eurytetnora  and  Acarlia  were 
numerous.  The  bottom  fauna  included  a  variety  of 
crustaceans,  annelids,  and  molluscs.  Redeke  el  al. 
(1922,  1936)  gave  a  clear  picture  of  the  rich  flora  and 
fauna  in  this  interesting  estuary. 

Among  the  Zuider  Zee  fishes,  herring  ranked  first 
in  economic  importance.  Spring  spawners,  with  an 
average  vertebrae  number  of  55.5,  migrated  into  the 
Zuider  Zee  in  March  and  April.  Spawning  took  place 
from  April  to  July,  chiefly  in  the  southwestern  sec¬ 
tion  of  the  bag-shaped  widening,  on  the  sandy  bot¬ 
tom  rich  in  molluscan  shells  and  hvdroids.  Herring 
larvae  were  numerous  in  May  and  June  in  water  of 
5  to  10  %e  salinity.  They  grew  rapidly,  mostly  on  a 
diet  of  copepods.  and  left  the  Zuider  Zee  in  the  au¬ 
tumn  at  a  length  of  8  to  9  cm.  Two  or  three  years 
later  they  returned  to  the  Zuider  Zee  to  spawn  (  Red¬ 
eke,  1907). 

The  catches  fluctuated  around  13,500,000  kg  per 
year.  The  Zuider  Zee  herring  was  excellent  fresh 
and  for  smoking,  but  was  unsuitable  for  the  tradi¬ 
tional  salt-curing. 

The  enclosure  of  the  Zuider  Zee  made  it  impossible 
for  herring  to  enter  the  mesohaline  Zuider  Zee,  and 
the  salinity  of  the  Wadden  Zee  was  too  high  for  the 
development  of  its  larvae.  In  the  first  years  after 
completion  of  the  enclosure  in  1932,  the  Zuider  Zee 
herring  still  tried  to  reach  the  old  spawning  area.  As 
the  average  age  increased,  the  number  of  fish  de¬ 
creased,  and  within  a  few  years  this  herring  tribe, 
which  once  brought  prosperity  to  the  local  fishing 
population,  became  virtually  extinct. 

Ranking  second  in  importance  was  the  anchovy 
Etujratdis  encrasicholus  (L.).  When  pickled  in  brine, 
this  little  clupeoid  fish  develops  an  excellent  flavor 
which  it  retains  even  with  long  storage.  Formerly, 
eastern  Europe  was  the  main  market  for  this  product. 
Although  the  abundance  of  the  anchovy  fluctuated 
considerably,  the  anchovy  merchants  could  store  it 
successfully  against  periods  of  scarcity. 

The  anchovy  entered  the  Zuider  Zee  as  soon  ss  the 
water  temperature  became  higher  there  than  in  the 
open  North  Sea,  usually  during  May.  June  was  the 
best  month  for  fishing.  The  anchovy  spawned  its  large 
ellipsoid  pelagic  eggs  in  the  funnel-shaped  northern 
section  of  the  Zuider  Zee  in  water  with  a  salinity  of 
over  15  %c.  The  larvae  migrated  into  the  bag-shaped 
widening  of  the  Zuider  Zee  and  developed  there  on 
the  rich  plankton  in  water  of  a  salinity  of  about  30  %c- 
After  a  period  of  rapid  growth,  they  migrated  in 
autumn  to  the  open  North  Sea,  to  return  the  next  year 
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to  spawn  in  the  Zuider  Zee.  Most  of  the  spawning 
anchovies  were  only  one  year  old.  The  anchovy 
catches  in  the  northern  section  of  the  Zuider  Zee 
fluctuated  around  1,500,000  kg  a  year.  Unlike  the 
herring,  the  anchovy  was  not  attracted  by  the  lower 
salinities  in  the  Zuider  Zee,  but  by  the  higher  water 
temperatures ;  for  here  it  is  at  the  northern  fringe  of 
its  range,  and  the  water  in  the  open  sea  is  usually  too 
cold  for  its  reproduction.  The  enormous  year-to-year 
fluctuations  of  the  catch  were  clearly  associated  with 
favorable  or  unfavorable  weather  conditions  during 
June,  the  principal  month  of  spawning.  In  the  Ooster- 
schclde,  in  the  southwestern  section  of  the  Nether¬ 
lands  where  salinity  is  much  higher  (averaging  28 
%o),  the  anchovy  successfully  reproduces  because  of 
the  high  water  temperatures  prevailing  when  the 
weather  is  favorable. 

The  enclosure  of  the  Zuider  Zee  made  it  impossible 
for  the  anchovy  to  reach  its  old  spawning  area.  It 
could  still  reproduce  in  the  saltier  VVadden  Zee,  how¬ 
ever,  though  temperatures  were  somewhat  lower  them 
than  in  the  Zuider  Zee.  With  the  loss  of  the  Zuider 
Zee  anchovy,  the  catch  fell  to  13  percent  of  its  olu 
level.  The  Oosterschelde  catch  was  not  affecte'*  by 
the  enclosure  of  the  Zuider  Zee,  which  indicates  that 
this  kind  of  anchovy  always  returns  to  its  home 
grounds  for  spawning  (Korringa,  1963a). 

The  enclosure  of  the  Zuider  Zee  crippled  the  tradi¬ 
tional  fishing  in  this  estuary,  but  after  the  change  of 
the  blocked-off  section  into  a  freshwater  ’’ke,  eels 
became  so  abundant  there  that  a  new  type  of  fishing 
industry  developed. 

LAK"  PATRIA 

In  Italy,  La’;e  Patria,  north  of  Naples,  resembles 
the  former  Zuider  Zee  in  some  respects.  Here,  too, 
the  Volturno  River  Jischargvs  into  a  lake-like  estu¬ 
ary.  This  river  discharges  only  modern  'e  quantities  of 
water,  however,  ana  the  communication  of  the  estvarv 
with  the  sea  consists  of  a  narrow  ard  verj  shallow 
watercourse.  Moreover,  in  the  Mediterranean  Sea,  the 
tidal  r-nge,  and  herce  the  effect  of  the  tides  in  the 
estuary,  is  considerably  less  important  than  on  the 
Atlantic  coast  of  Europe.  Still,  the  influence  of  the 
tides  is  strong  enough  to  create  mesohaline  conditions, 
wbh  a  salinity  of  about  °  %c. 

Lake  Patrir.  teems  with  fish,  predominantly  mul¬ 
let  and  eel.  The  intense  green  color  of  the  water, 
observed  by  the  author  during  a  visit  in  April,  1954, 
indicated  a  high  degre**  of  productivity  (Korringa  and 
Postma,  1957).  Analysis  revealed  that  at  that  time 
free  phosphate  was  virtually  absent,  and  few  phyto- 
nlankton  could  be  caught  with  a  fine-meshed  net.  The 
bottom  fauna,  among  which  Cliirtnomid  larvae  and 
the  brackish  water  polychaete  Mcrcerielia  predomi¬ 
nated,  appeared  to  be  very  nch.  Free  phosphate  wa- 
found  in  great  quantities  in  one  of  the  wells  dis¬ 
charging  into  the  lake,  and  the  quantity  of  organic 
phosphorus  in  the  lake  itself  was  very  high.  Though 
diatoms  and  larger  green  algae  were  virtually  absent, 
the  chlorophyll  content  of  the  water  was  very  high. 


being  from  20  to  100  mg  per  ma.  This  could  be  as¬ 
cribed  to  a  superabundance  of  small  flagellates,  from 
100,000  to  500,000  per  cm*.  Evidently  this  estuary  is 
biologically  much  richer  than  the  water  of  the  Vol¬ 
turno  River  itself,  or  of  the  Mediterranean  Sea  into 
which  the  lake  discharges.  Nutrients,  including  con¬ 
siderable  quantities  of  phosphate,  enter  the  lake  from 
the  volcanic  subsoil.  Mesohaline  conditions  and  the 
rich  supply  of  plankton  support  large  stocks  of  a  few 
species  of  fish. 

Other  lakes  communicate  with  the  sea  northwest  of 
Naples,  including  the  well-known  Lake  Fusaro  and 
Lake  Lucrine.  Since  less  fresh  water  enters  these  two 
lakes  than  Lake  Patria,  and  since  the  communication 
with  the  Mediterranean  Sea  is  larger  and  deeper, 
salinities  are  considerably  higher,  leading  to  polyhaline 
conditions. 

Man  has  learned  to  take  advantage  of  this  situation 
by  growing  mussels  in  hanging  cultures  in  these  lakes. 
The  soft  muddy  subsoil  makes  mussel  farming  on  the 
bottom  impossible,  but  in  hanging  cultures  the  mussels 
grow  and  fatten  rapidly.  Consequently,  these  lakes  are 
highly  productive.  Biological  and  chemical  analyses 
revealed  that  the  rich  phytoplankton  in  these  estuarine 
’nkes  makes  large-scale  mussel  production  feasible,  and 
promotes  a  better  growth  of  mussels  than  the  sheltered 
sites  in  nearby  coastal  water.  Here,  too,  nutrients, 
especially  phosphates  brought  in  by  subterranean  wells 
from  the  fertile  volcanic  subsoil,  account  for  the  in¬ 
creased  productivity  (Korringa  and  Postma,  1957). 

Man  has  exerted  a  positive  influence  in  these  poly¬ 
haline  estuaries  by  developing  a  system  of  mussel 
farming  in  mid-water  and  permitting  this  potential 
fisheries  resource  to  be  exploited  in  a  rational  way. 

OOSTERSCHELDE 

The  Oosterschelde,  situated  in  the  southwestern  sec¬ 
tion  of  the  Netherlands  in  the  province  of  Zealand, 
is  an  estuary  with  a  very  different  pattern.  The 
Oosterschelde  is  an  embayment  penetrating  far  into 
the  land,  but  receiving  little  influx  from  the  surround¬ 
ing  fertile  arable  land.  Its  salinity  is  rather  high 
(28  %c  on  an  average)  comparable  with  the  coastal 
water  of  the  North  Sea  with  which  it  is  continuous. 
Still,  there  is  every  reason  to  regard  the  Oosterschelde 
as  an  estuary,  for  here,  too,  river  water  and  sea  water 
meet  under  the  influence  of  tides.  The  Rhine,  and  to 
a  lesser  degree  the  Meuse  and  Scheldt  Rivers,  dis¬ 
charge  fresh  water  rich  in  nutrients  and  organic  mat¬ 
ter  into  the  North  Sea.  Tides  and  winds  bring  about 
a  thorough  mixing,  and  microorganisms  mineralize 
t  _•  remains  of  freshwater  organisms  and  other  or¬ 
ganic  material.  It  is  this  mixed  coastal  water  which 
pours  into  tH  Oosterschelde  with  the  tides.  The 
greater  uie  discharge  of  fresh  water  by  the  Rhine,  the 
lower  the  salinity  o*  the  Oosterschelde.  It  could  he 
demonstrated  that  there  is  a.i  inverse  relationship, 
with  a  lag  of  about  oue  month,  between  the  level  of 
the  Rhine  where  it  e.iters  the  Netherlands  and  the 
salinity  of  the  bag-  liap-d  widening  of  the  Onsler- 
sehelde  (  Korringa,  1940). 
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The  high  and  rather  constant  salinity,  together  with 
the  discharge  of  nutrients  conducive  to  a  rich  plank¬ 
ton  development,  makes  good  oyster  water.  Moreover, 
oysters  require  a  stable  bottom ;  they  cannot  live  on 
soft  mud  or  shifting  sand.  Therefore  most  of  the 
sandy  liottom  of  the  coastal  waters  of  the  Netherlands 
is  not  suitable  for  oysters.  In  the  bag-shaped  eastern 
section  of  the  Oosterschelde,  part  of  which  was  in¬ 
habited  land  only  400  years  ago,  large  areas  have  a 
subsoil  of  peat,  which  makes  good  oyster  bottom.  It 
is  here  that  natural  oyster  beds  were  found.  From 
those  beds  as  many  as  one  million  oysters  a  year  were 
harvested  by  the  Zealand  oyster  fishermen. 

The  discovery  and  general  adoption  in  the  1860’s 
of  culture  techniques  in  France  led  to  withdrawal  of 
natural  beds  from  the  free  fishery.  The  present 
French  oyster  industry  was  established,  with  a  mul¬ 
tiple  increase  in  yield.  This  development  was  observed 
with  much  interest  in  the  Netherlands,  and  in  1870 
cultivation  of  oysters  was  started  in  the  Oosterschelde 
(Korringa,  1953).  In  due  course  some  30  million 
marketable  oysters  were  p,  oduced  annually.  This  suc¬ 
cess  demonstrates  that  nature  left  to  itself  docs  not 
always  lead  to  the  highest  possible  production. 

The  sparsity  of  oyster  production  was  caused,  evi¬ 
dently,  by  the  lack  of  suitable  substrate  on  which  lar¬ 
vae  could  settle.  Recent  investigations  have  revealed 
that  favorable  water  temperature  and  a  high  degree  of 
larval  retention,  both  attributable  to  the  shape  of  this 
estuary  and  the  oscillating  movement  of  the  tide,  pro¬ 
vide  excellent  conditions  for  a  relatively  high  degree 
of  larval  survival  (Korringa,  1940). 

Not  only  has  there  been  an  increase  in  the  number 
of  oysters  through  providing  suitable  substrate,  but 
growth  and  fattening  have  been  stimulated  by  trans¬ 
ferring  the  young  from  the  beds  where  they  have 
settled  profusely  to  areas  where  feeding  conditions 
are  considerably  better.  Here,  too,  nature  left  to  itself 
does  not  necessarily  lead  to  the  best  results.  The  set¬ 
ting  pattern  reveals  that  numerous  larvae  settle  only 
where  current  velocities  are  low  for  many  hours  in 
succession.  Such  a  situation  is  found  near  the  head 
of  the  estuary,  and  here  and  there  in  eddies.  Bv  trial 
and  error,  oysterinen  found  these  favorable  places  to 
put  out  their  collectors  (Korringa,  1951,  1955). 

Poor  fattening  occurs  in  the  easternmost  section  of 
the  Oosterschelde;  the  marketable  oysters  are  found 
on  plots  which  receive  the  flood  current  directly  from 
the  west.  The  condition  index  of  the  oysters  fans  out 
and  tapers  off  over  the  beds  farther  east  (  Drink  - 
vvaard,  1959,  1960,  1961 ;  Korringa,  1956b,  1957,  1958). 

Water  analysis  reveals  that  phytoplankton,  total 
phosphorus,  and  total  organic  matter  are  consistently 
higher  in  the  western  section  of  the  Oosterschelde. 
It  is  the  true  estuarine  water  of  the  coastal  area  which 
brings  fertility  to  the  oyster  area  on  the  firm  bottom 
farther  cast.  Efforts  to  fatten  oysters  in  hanging  cul¬ 
ture  in  the  rich  waters  of  the  western  section  of  the 
Oosterschelde  were  unsuccessful.  Here  the  oysters 
starved  in  the  midst  of  plenty  because  of  too  strong 
a  current.  Laboratory  experiments  led  to  the  conclu¬ 


sion  that  in  a  continuous  stream  of  water,  growth  and 
fattening  were  best  at  current  velocities  of  only  a  few 
cm  per  second.  On  the  other  hand,  too  slow  a  current 
does  not  supply  sufficient  food. 

Recent  annual  production  of  marketable  oysters  has 
lieen  around  30  million  a  year  Since  most  of  these 
oysters  are  four  to  five  years  old,  the  total  population 
of  adult  oysters  is  estimated  at  about  150  million.  The 
entire  bag-shaped  widening  of  the  Oosterschelde  con¬ 
tains  about  600  million  m3  of  water  at  high  tide,  about 
250  million  m8  at  low  tide.  Thus  at  high  tide  there 
are  about  four  cubic  meters  of  water  for  each  adult 
oyster.  Prar'ical  experience  over  many  years  has 
shown  that  one  cannot  increase  the  population  of 
oysters  to  a  significantly  higher  level.  When,  for  ex¬ 
ample,  the  volume  of  water  at  high  tide  per  adult 
oyster  is  reduced  to  two  cubic  meters,  the  effects  of 
crowding  become  evident.  Each  oyster  must  share 
the  available  food  witli  other  filter  feeders.  The  con¬ 
sequences  arc  poor  growth,  poor  fattening,  and  an 
increased  mortality  rate  ( Korringa,  1956a). 

The  Oosterschelde  is  a  clear-cut  case  of  an  estuary 
in  which  man  has  exerted  a  beneficial  effect.  A  ra¬ 
tional  exploitation  of  a  natural  resource  by  applying 
adequate  techniques  of  cultivation  has  resulted  in  a 
30-fold  increase  of  production  over  what  nature  for¬ 
merly  yielded.  Un  ,er  natural  conditions  the  oyster 
population  was  limited  by  a  lack  of  cultch  and  also  by 
failure  of  the  oyster  larvae  to  settle  on  beds  where 
growth  and  fattening  would  be  optimal. 

Unfortunately,  the  Delta  project  threatens  to  cut 
the  Oosterschelde  off  from  the  sea  late  in  the  70’s. 

BAYS  OF  GALICIA 

A  most  interesting  situation  is  evident  in  the  bays 
of  Galicia  in  Spain.  These  bays,  especially  the  es¬ 
tuary  of  the  Vigo,  the  Pontevedra,  and  the  Arosa  are 
wide  and  deep,  penetrate  far  into  the  land,  and  are 
well  sheltered  by  ranges  of  hills.  Salinity  in  these 
waters  is  high,  for  the  amount  of  river  water  dis¬ 
charging  into  them  is  very  limited.  The  bay  water 
is  rich  in  plankton  and  detritus  because  upwelling  at 
the  Galician  coast  brings  to  the  surface  nutrients 
which  support  an  abundance  of  phytoplankton  from 
March  till  November.  The  temperature  ranges  from 
a  summer  maximum  of  about  18*  C.  to  a  winter 
minimum  of  about  10*  C.  Such  temperature  condi¬ 
tions,  combined  with  stable  and  high  salinity  and  great 
quantities  of  phytoplankton  and  detritus,  are  excellent 
for  mussels,  Mytilut  cdulis.  Wild  mussels  are  found 
on  the  rocks  in  the  intertidal  zone.  Here  wave  action 
and  the  intense  light  are  inimical  to  their  growth  and 
fattening.  In  the  early  1950’s,  experiments  were  car¬ 
ried  out  to  take  advantage  of  the  favorable  conditions 
in  these  estuaries  by  growing  mussels  in  hanging  cul¬ 
ture,  following  experience  gained  in  the  Mediterra¬ 
nean  Sea.  Instead  of  racks,  which  are  unsuitable 
where  the  tidal  range  is  great,  rafts  were  used.  At 
first  these  were  old  boats  equipped  with  outriggers. 
The  success  was  tremendous;  and  now  about  1,500 
installations,  consisting  mainly  of  specially  constructed 
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rafts,  are  in  use  in  the  bays  of  the  Galician  coast. 
Each  raft  carries  about  800  ropes ;  each  rope  is  about 
six  meters  long  and  carries  about  50  to  60  kg  of 
marketable  mussels.  It  takes  about  eight  months  to 
rear  a  mussel  seed  to  marketable  size,  that  is.  with 
a  shell  length  of  seven  cm  or  over.  The  total  annual 
production  exceeds  80  million  kg  (Andreu,  1958). 

The  Galician  bays  are  examples  of  estuaries  in 
which  shelter  is  a  more  important  factor  than  dis¬ 
charge  of  nutrient-rich  fresh  water,  since  the  sea 
water  is  sufficiently  rich  through  the  phenomenon  of 
upwelling.  Here,  too,  adoption  of  adequate  cultiva¬ 
tion  methods  has  led  to  a  rational  exploitation  of  a 
potential  natural  resource,  another  example  of  a  bene¬ 
ficial  effect  exerted  by  man. 

WADDEN  ZEE 

Another  type  of  estuary  is  the  western  section  of 
the  Dutch  Wadden  Zee,  behind  the  Frisian  Islands  of 
Texel,  Vlieland,  and  Terschelling.  Its  estuarine  char¬ 
acter  may  seem  somewhat  doubtful  since  no  river  dis¬ 
charges  into  .t  directly.  Though  the  salinity  is  rela¬ 
tively  high,  approaching  that  of  the  coastal  water  of 
the  North  Sea  nearby,  it  fluctuates  to  some  extent  in 
response  to  the  sluicing  out  of  fresh  water  from  the 
Ijsselmeer,  the  body  of  water  into  which  the  River 
IJssel  discharges.  This  demonstrates  that  this  section 
of  the  Wadden  Zee  has  an  estuarine  character. 

The  Wadden  Zee,  with  its  extensive  tidal  flats  and 
its  ramifying  channels  of  varying  depth  through  which 
tidal  currents  run,  is  tremendously  productive.  The 
number  of  mussels,  Mylilus  edulis,  and  cockles.  Car- 
diunt  edule,  to  be  found  here  reach  astronomic  figures. 
Brown  shrimp,  Crangon  cranyon,  and  j-olychaete 
worms  of  various  species  occur  in  countless  numbers ; 
young  flatfishes  such  as  plaice  and  sole  use  this  area 
as  nursing  grounds.  Birds,  especially  wading  birds 
and  various  kinds  of  ducks,  find  a  wealth  of  food  here. 
Man  fishes  for  shrimp  and  cultivates  mussels  on  a 
great  number  of  plots,  all  of  which  are  under  the  low- 
water  line.  The  production  of  marketable  mussels 
occasionally  surpasses  75  million  kg  a  year, 

Verwey  (1952)  estimates  the  number  of  cockles  of 
two  years  and  older  living  in  this  area  at  about  6 
billion.  He  rightly  states  that  the  fauna  of  the  Wad¬ 
den  Zee  could  not  be  that  rich  if  it  were  an  enclosed 
saltwater  lake.  Though  the  fresh  water  sluiced  out 
from  the  Ijsselmeer  may  bring  in  some  nutrients,  it 
is  clear  that  the  productivity  of  the  Wadden  Zee  does 
not  come  from  that  source.  The  mechanism  involved 
is  an  accumulation  of  rich  nutrient  material  against  a 
gradient,  combined  with  an  intensive  carbon  dioxide 
assimilation  in  this  shallow  water.  The  accumulation 
is  partly  mechanical.  Fostms  demonstrated  how  sus¬ 
pended  matter  is  carried  into  the  Wadden  Zee  by  the 
flood  tide,  and  only  part  of  this  material  is  carried 
back  by  the  ebb  (i’ostma,  1957).  A  variety  of  filter 
feeders,  chiefly  cockles  and  mussels,  filters  off  enor¬ 
mous  volumes  of  water  brought  in  on  the  flood  from 
the  North  Sea.  Thus,  easily  digestible  matter  of  the 
plankton  is  readily  transformed  into  mollusran  flesh. 


Less  readily  digestible  material  is  deposited  in  fecal 
pellets  and  pseudofeces  where  it  is  utilized  by  micro¬ 
organisms.  Waves  and  currents  may  resuspend  such 
worked-over  fecal  pellets  and  the  filter  feeders  and 
deposit  feeders  can  digest  the  countless  microorgan¬ 
isms  intracelluiarly.  Thus,  part  of  the  material  of 
the  phytoplankton  and  its  debris  becomes  recomposed 
in  the  benthic  organisms ;  and,  of  course,  part  of  it  is 
used  tn  furnish  energy  during  this  process.  The  tre¬ 
mendous  number  of  benthic  organisms  per  unit  of  sur¬ 
face  area  can  survive  only  through  the  continuous 
accumulation  of  organic  material  brought  in  from  the 
North  Sea  by  the  flood  tides.  The  figures  for  animal 
protein  per  square  meter  rank  among  the  highest  to 
be  found  in  the  world.  Here  and  there  entire  sections 
may  be  completely  paved  with  cockles  (over  1,000 
per  m2)  and,  where  mussel  plots  are  well  stocked  and 
extensive  natural  mussel  beds  occur,  hardly  any  space 
is  free  for  other  organisms  of  similar  size. 

One  of  the  most  valuable  food  resources  in  the 
Wadden  Zee  is  the  mussel.  Before  1950  only  seed 
mussels  were  harvested,  to  be  transplanted  to  the  Zea¬ 
land  plots.  But  since  cultivation  started  in  1950,  pro¬ 
duction  of  market-sized  mussels  has  increased  rapidly 
to  over  75  million  kg  per  year.  Fishing  for  brown 
shrimp  is  also  a  remunerative  business,  even  though 
more  money  could  be  made  per  acre  by  mussel  culti¬ 
vation  than  by  shrimp  fishing.  A  clash  between  these 
two  industries  seems  unavoidable,  but,  since  there  is  a 
tendency  to  build  bigger  shrimp-fishing  vessels  which 
can  work  in  the  open  North  Sea,  more  ground  may 
eventually  become  available  for  mussel  farming.  A 
negative  side  of  shrimp  fishing  is  that  it  unavoidably 
destroys  many  young  flatfish;  consequently  it  has  a 
deleterious  effect  on  the  quantities  of  marketable  sole 
and  plaice  to  be  caught  in  the  North  Sea.  sometimes 
by  the  same  fishermen  who  fish  for  the  shrimp. 

NORTH  SEA 

Though  the  statement  may  seem  rather  bold,  one 
may  consider  the  whole  southern  North  Sea  as  a  type 
of  estuary.  Geologically  speaking,  it  was  recently  part 
of  the  land ;  at  that  time  the  Thames  was  a  tributary 
of  the  Rhine.  When  the  icecaps  melted,  the  North 
Sea  was  gradually  flooded,  turning  the  Dogger  Bank 
from  a  low  hill  into  a  shallow  .-.rea  of  the  sea. 

The  North  Sea  is  rich  in  plankton,  and  this  sup¬ 
ports  an  abundance  of  fish  and  bottom  invertebrates. 
Rivers  discharging  into  the  North  Sea  may  contribute 
to  its  fertility,  but  it  seems  almost  certain  that  a  more 
important  source  is  the  supply  of  ocean  water  around 
the  Shetland  Islands.  This  water  may  be  somewhat 
poorer  than  the  true  North  Sea  water,  but  just  as 
has  lieen  discussed  above  for  the  Wadden  Zee,  an  ac¬ 
cumulation  takes  place  against  a  gradient.  The  North 
Sea  i»  comparatively  shallow,  ard  evidently  few  valu¬ 
able  materials  become  lost  by  sinking  into  the  dark 
abyss  Various  filter  feeders  live  there  in  enormous 
numbers  and  consolidate  organic  matter  contained  in 
plankton  and  detritus.  Thus,  vast  quantities  of  protein 
and  other  organic  material  accumulate  in  the  bodies  of 
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invertebrates  living  on  and  in  the  bottom,  and  many 
demersal  fishes  are  supported  by  this  supply.  ,The 
quantity  of  fish  in  the  North  Sea  is  not  limited  by  the 
quantity  of  available  food  (Korringa,  1960,  1961, 
l%3b).  Immediately  after  the  Second  World  War, 
when  the  fish  stocks  were  more  than  twice  what  they 
are  now,  owing  to  the  virtual  interruption  of  fishing, 
the  fish  did  not  grow  more  slowly  than  now.  Even  if 
artificial  fertilization  were  feasible  it  would  probably 
not  increase  the  production  of  fish.  The  principal  ad¬ 
verse  effect  on  the  production  of  tish  is  the  fishery 
itself,  which  exploits  the  stocks  at  excessive  rates  and 
l>ersists  in  using  gear  that  is  unnecessarily  destructive 
of  young  fish  (Rollefsen,  1957).  Thus,  if  the  question 
is  put  as  to  what  man’s  effect  is  on  the  productivity 
of  the  southern  North  Sea,  the  answer  must  be  that 
it  is  negative.  If  man  will  only  reduce  his  fishing 
effort  and  increase  the  size  of  the  meshes  of  his  nets, 
then  he  can  harvest  much  more  fish  from  this  won- 
drously  fertile  area  with  less  effort  and  at  less  cos: 
than  now.  It  is  to  be  hoped  that  these  measures  will 
be  applied  within  the  foreseeable  future  through  in¬ 
ternational  collaboration. 
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The  Role  of  Man  in  Estuarine  Processes 
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Vulnerability  to  human  influence  is  a  charac- 
tistic  of  estuaries.  They  lie  in  proximity  to  man's  ter¬ 
restrial  habitat,  produce  large  quantities  of  his  food 
supply,  and  are  doorways  between  the  oceans  and  the 
land  masses.  Each  receives  the  impact  of  many  hu¬ 
man  activities  throughout  an  entire  watershed,  and 
many  are  subjected  to  the  most  intensive  levels  of 
use  applied  to  any  marine  water  areas.  It  is,  there¬ 
fore,  appropriate  to  identify  and  consider  the  past 
effects  of  man  on  the  fundamental  processes  in  estu¬ 
aries  and  to  contemplate  future  beneficial  and  detri¬ 
mental  influences  on  these  fascinating,  complex,  and 
important  waters. 

Man’s  historical  development  has  been  closely  linked 
with  the  estuaries.  Humans  have  always  exhibited  a 
natural  affinity  for  water  and  these  bays  and  river 
mouths  often  present  unique  advantages.  They  are 
semi-enclosed  and  therefore  provide  natural  harbors; 
they  are  effective  nutrient  traps  and  therefore  are 
rich  in  food;, they  connect  the  oceans  and  the  inland 
rivers  so  that  they  are  natural  transportation  centers ; 
and  their  often  high  rates  of  flux  and  flush  permit 
disposal  of  great  quantities  of  waste.  The  history  of 
exploration,  colonization,  and  settlement  of  the  coasts 
of  the  North  American  continent  illustrates  the  use  of 
estuaries  in  the  development  of  new  populations  and 
cultures. 

The  effect  of  human  activity  on  these  estuaries  was 
probably  unimportant  prior  to  about  1850,  and  was 
limited  to  the  effects  of  silt  erosion  from  agricultural 
areas  and  the  disposal  of  human  wastes.  The  enor¬ 
mous  expansion  during  the  last  century  in  industrial 
activity,  production  and  use  of  power,  diversity  of 
manufactured  materials,  transportation,  fishing  inten¬ 
sity,  and  human  population  have  all  placed  diverse  and 
increasing  pressures  on  these  waters.  They  all  affect 
the  processes  of  the  estuaries  and  their  capacity  for 
future  use. 

The  uses  of  estuaries  are  described  by  others  in 
this  volume,  but  additional  examples  can  be  added ; 

1.  The  Rhine  River,  according  to  Bolomey 
(1*159),  is  heavily  polluted  by  the  40  million  people 
who  live  along  its  course,  as  well  as  by  the  great 
industrial  centers  like  the  Ruhr  and  the  Saar.  The 
need  to  eliminate  this  pollution  is  so  great  that  an 
international  commission  has  been  established.  The 
estuarine  areas  near  Rotterdam  receive  the  net 
product. 

2.  In  Baltimore  Harbor,  near  the  head  of  Chesa¬ 
peake  Bay,  the  equivalent  of  about  400  tons  of  con¬ 


centrated  sulfuric  acid  is  released  daily  from  a  single 
large  industrial  operation  (Stroup  et  al.,  1961). 

3.  The  city  of  Washington,  D.  C„  uses  the  upper 
Potomac  Estuary  as  the  final  stage  in  its  sewage 
treatment  process  (Auld,  1964).  Brehmer  (1964) 
has  pointed  out  that  this  is  a  present  average  daily 
addition  of  22,700  pounds  of  phosphorous  and  68,100 
pounds  of  nitrogen.  This  annual  release  of  eight 
million  pounds  of  phosphorous  and  25  million  pounds 
of  nitrogen  will  nearly  double  by  the  year  2000,  as 
treatment  plant  effluent  increases  from  200  million 
gallons  a  day  to  360  million  gallons  a  day.  Brehmer 
further  emphasizes  that  present  knowledge  of  the 
effects  of  this  pollution  is  insufficient  to  predict  the 
effects  on  the  estuary  or  even  to  establish  rational 
limits. 

4.  Of  the  ten  largest  metropolitan  areas  in  the 
world,  seven  border  estuarine  areas  (New  York, 
Tokyo,  London,  Shanghai,  Buenos  Aires,  Osaka,  and 
Los  Angeles).  They  contain  over  55  million  people 
and  enormous  industrial  activity.  One-third  of  the 
population  of  the  United  States  lives  and  works  close 
to  estuaries. 

5.  Bulkheading,  dredging  nd  filling  to  create 
waterfront  real  estate  have  already  permanently 
changed  the  nature  of  some  estuaries.  The  Branch 
of  River  Basin  Studies  of  the  U.  S.  Department  of 
the  Interior  reviews  and  comments  on  federal  projects 
which  would  affect  fish  and  wildlife  resources.  They 
have  reported  on  426  different  projects  in  five  years 
which  would  affect  coastal  areas.  They  expect  to 
start  100  more  projects  this 'year,  15  for  flood  control, 
20  for  navigation,  20  for  beach  erosion  or  hurricane 
protection  projects,  and  50  for  private  proposals. 

6.  Without  waiting  for  inexpensive  nuclear  en¬ 
ergy,  man  has  begun  to  engineer  vast  estuarine 
changes.  The  2,700  km*  Zuider  Zee  has  been  en¬ 
closed  for  32  years,  essentially  fresh  for  27  years, 
and  largely  converted  to  sub- sea-level  agricultural 
land.  Holland  has  also  begun  to  transform  salt  and 
brackish  waters  into  lakes  in  the  great  Delta  Project 
of  southwest  Holland  (Vaas,  1963). 

7.  More  tiian  a  billion  pounds  of  biocidal  chemi¬ 
cals  have  been  used  in  the  United  States,  and  Butler 
el  al.  (1962)  point  out  that  many  of  these  substances 
and  their  oxidation  products  reach  the  coastal  waters 
and  the  estuaries.  Cottam  (1960)  reported  that  35 
million  pounds  of  arsenical  salts,  45  million  pounds 
of  copper  sulfate,  six  million  pounds  of  organic  phos¬ 
phates,  and  130  million  pounds  of  chlorinated  insecti- 
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cides  and  fungicides  were  used  in  one  year.  Six  thou¬ 
sand  brand-name  biocidal  materials  are  now  available 
and  almost  unrestricted  in  use.  Rachel  Carson  (1962) 
has  cited  specific  and  vivid  examples  of  the  results  of 
application  of  control  chemicals  in  the  areas  of  the 
Miramichi  in  Canada,  in  the  Indian  River  of  Florida, 
in  New  Jersey,  and  at  other  sites. 

These  brief  examples  of  the  effect  of  human  activi¬ 
ties  are  further  evidenced  by  ex[>erience  in  various 
parts  of  the  world.  They  serve  as  reminders,  not  as 
an  adequate  review. 

The  future  will  bring  very  rapid  increase  in  all  the 
present  uses  of  estuaries,  and  entirely  new  pressures 
and  modification*  arc  already  taking  siwpc:  (1)  Cali 
fomia  is  studying  alternate  plans  for  damming,  divert¬ 
ing,  filling,  and  vastly  modifying  large  areas  in  the 
Sacramento- San  Joaquin  region  and  elsewhere  (Jones 
el  at.,  1963).  (2)  There  is  a  well-advanced  plan  to 
divert  the  waters  of  the  Sabine  River,  the  Neches, 
the  Trinity,  the  Brazos,  the  Colorado,  and  the  Nueces 
from  east  Texas  to  west  Texas.  No  water  would  es¬ 
cape  to  the  coastal  estuaries  (Thompson,  1961 ). 

The  development  of  inexpensive  jurces  of  power 
in  unprecedented  quantities  may  maxe  these  seem  like 
mere  practice  sessions.  In  this  compilation  to  assem¬ 
ble  and  assess  our  knowledge,  constructive  perspective 
can  be  gained  by  reviewing  the  effects  of  man  on 
estuaries. 

This  review  is  pnsrated  »o  single  out  the  most 
significant  estuarine  processes  which  man  affects,  to 
offer  summary  and  pr.i‘ial  assessment  of  the  location 
and  nature  of  human  effects,  to  suggest  the  present 
benefits  and  losses  from  these  effects,  and  to  consider 
the  future  role  of  nun  in  the  estuaries. 

No  attempt  will  be  made  here  to  stress  their  im¬ 
portance  in  human  welfare,  or  the  economic  ami 
social  values  which  they  provide.  The  enormous  di¬ 
versity  of  systems,  which  results  in  highly  significant 
individuality,  is  assumed.  So,  too,  is  the  inherent 
dynamism  of  most  estuaries.  We  must  consider  gen¬ 
eralized  effects  by  specific  examples,  and  the  net 
effects  superimposed  on  vigorous  rhythmic  systems. 

There  are  no  physical,  chemical,  or  biological 
processes  unique  to  the  estuary,  but  many  are  typical 
of  this  complex  and  distinctive  mixture  of  sea  and 
river.  In  the  cases  and  discussions  which  follow,  pri¬ 
mary  attention  will  lie  given  to  these  questions: 

1.  What  physical,  chemical,  and  biological  proc¬ 
esses  arc  unusually  significant  in  ti  e  estuary  and  may 
be  modified  by  man  ? 

2.  How  have  human  activities  affected  these 
processes  beyond  the  normal  range  of  variation  pres¬ 
ent  in  the  virgin  estuary  ? 

3.  What  are  the  possibilities  for  future  manage- 

-  •  -f  estuarine  processes  for  optimal  achievement 

-3;  an  values  from  estuaries  ? 

r\  literature  of  estuaries  contains  many  research 
reports,  administrative  summaries,  and  discussions 
dealing  with  specific  problems,  and  many  of  these 
will  he  cited  later.  No  previous  general  review  was 
located,  hut  several  contribution*  have  been  especially 


helpful  and  stimulating.  They  include  the  series  of  re¬ 
ports  on  estuarine  hydrography  by  Pritchard  ( 1951, 
1952,  1955,  1959a,  b,  I960) ;  on  flushing  and  biologi¬ 
cal  effects  by  Ketchum  (1950,  1951a,  b,  c,  1954) ;  on 
the  grand-scale  effects  of  enclosing  the  Zuider  Zee 
( Havinga.  1935,  1936,  ’941 ) ;  on  the  biology  of  pollu¬ 
tion  by  'rlyvies  ( 1960) :  on  biological  aspects  of  estu¬ 
aries  by  Hedgpeth  <  1957 ) :  on  physical  anti  chemical 
asjiects  by  Emery  and  Stevenson  (1957):  Mansueti 
( 1961 )  on  the  nature  of  man’s  effects;  Nelson  ( 1947 ) 
on  enrichment;  H.  T.  Odum  and  his  students  (1958. 
1962)  on  estuarine  processes;  Rounsefell  (1963)  on 
the  choices  of  management  objectives;  Sykes  (1965) 
on  multiple  ?!;age;  and  E.  P.  CVum  <  196th)  on 
imaginative  and  constructive  approaches  to  new  po¬ 
tentials.  Baughman’s  valuable  bibliography  ( 1948 ) 
contains  many  pertinent  annotations.  Sverdrup  el  al. 
(1942)  continues  tc  serve  as  a  splendid  general 
reference. 

The  topics  presented  here  are  numerous  and  di¬ 
verse,  ranging  from  upland  erosion  to  invertebrate 
toxicity  and  estuarine  hydrography.  The  pertinent 
literature  is,  therefore,  represented  by  illustrative  ex¬ 
amples  rather  than  by  exhimtive  inclusion. 

Certain  processes  have  lieen  chosen  for  emphasis 
here  because  they  meet  two  criteria :  ( 1 )  each  is  sig¬ 
nificant  in  many  or  most  estuaries,  at  least  of  the 
coastal  plain  type;  (2)  each  is  now  subjected  to  sub¬ 
stantial  (i.e.,  beyond  normal  range)  modification  by 
man. 

The  physical  attributes  which  will  receive  emphasis 
arc  salinity,  temperature,  river  flow,  and  hasin  shape. 

Chemical  modifications  which  will  be  discussed  in¬ 
clude  the  addition  of  biocides,  nutrient  chemicals,  pulp 
mill  wastes,  and  certain  exotics. 

Geologically,  only  silt  and  siltation  are  considered. 

Among  the  highly  varied  modifications  of  biologi¬ 
cal  processes,  human  predation  (more  commonly 
called  fishing!)  and  the  introduction  of  new  species 
have  been  chosen  as  illustrations. 

Tlte  lists  could  be  very  long,  but  these  may  serve 
to  summarize  present  knowledge  and  provid-  guide¬ 
lines  for  the  future. 

ACTIVITIES  IN  THE  WATERSHED 

Since  the  estuary  is  the  recipient  of  effects  from 
change*  throughout  the  watershed,  a  review  of  the 
pertinent  human  activities  along  the  contributors 
waterways  can  be  helpful.  They  vary  and  are  impor¬ 
tant  in  the  estuarine  processes. 

Mihiificatios  or  Rivra  Flow 

Many  human  activities  affect  the  quantity  of  inflow 
of  fresh  water,  it*  temporal  distribution,  and  its  con¬ 
tents.  Riser  flow  can  be  reduced,  especially  by  diver¬ 
sion  of  river  water  for  human  consumption  ( Nelson. 
I960;  Jones  ft  af,  1963;  Ketchum.  unpublished  ms.. 
Thompson,  1961 ),  for  the  vast  increases  in  artificial 
irrigation  of  agricultural  land  (  Mansueti,  1961 ),  and 
by  the  m  tent  tonal  or  accidental  use  of  spillways  or 
breaks  m  levees  (Gunter.  1952.  1956).  Conversely. 
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flow  can  foe  significantly  increased  in  the  basins  re¬ 
ceiving  the  diversion.  More  frequently,  increase  in 
the  total  annual  output  is  the  result  of  deruding  the 
watershed  by  removing  vegetation  and  by  other  ac¬ 
tivities  that  decrease  the  insoak  and  subsurface  reten¬ 
tion.  This  is  especially  vivid  in  tne  paved  urban  areas 
(Renn.  1956)  and  along  highways  where  as  much  as 
30  acres  per  mile  is  paved  or  carefully  sloped  to  maxi¬ 
mize  runoff.  These  also  increase  the  flashiness  of 
rivers,  with  greater  flooding  in  high-flow  periods  and 
drought  in  low-flow  seasons.  Counteracting  forces 
do  exist,  however,  in  the  increasing  number  of  small 
and  large  dams,  many  of  which  are  specifically  de¬ 
signed  for  moderation  of  the  river  flow  and  long¬ 
term  release,  and  in  improved  general  conservation 
practices. 

Cross  Effects 

The  gross  estuarine  effects  of  changed  river  flow 
are  rather  well  understood,  although  more  subtle 
effects  have  infinite  local  variation.  The  most  per¬ 
vasive  effect  is  on  the  general  hydrographic  struc¬ 
ture  and  behavior  of  the  estuary.  River  flow  is  a 
prime  factor  in  the  determination  of  salinity  distribu¬ 
tion  in  the  estuary  (Ketchum,  1951a,  c)  and  of  the 
vertical  and  horizontal  j.'  yoical  structure  of  the  estu¬ 
ary  (Pritchard,  1955).  Pritchard  has  shown  that 
increased  river  flow  converts  a  homogeneous-type 
estuary  through  moderate  stratification  to  strong  and 
persistent  stratification.  Cronin  et  al.  (1962)  showed 
that  this  conversion  occurs  in  the  Delaware,  follow¬ 
ing  runoff  variation.  Pritchard  (personal  communi¬ 
cation)  has  provided  additional  evidence  of  the  power 
of  flow.  During  most  summers,  the  deeper  waters  of 
the  central  Chesapeake  are  severely  depleted  of  oxy¬ 
gen  as  they  are  transported  up-estuarv  Stratification 
of  cooler,  saltier,  denser  deep  water  under  warmer, 
fresher,  lighter  surface  water  may  be  very  strong, 
and  an  increase  in  river  flow  during  this  period  en¬ 
hances  stratification,  enlarges  the  area  of  depleted 
oxygen,  and  may  do  extensive  damage  to  estuarine 
organisms  (Carpenter  and  Cargo.  1957  ). 

More  specific  estuarine  effects  of  change  in  river 
flow  have  hee"  shown  by  Heaven  ( 1946),  Goner  and 
Hall  ( 1963),  Nelson  (I960),  and  by  others.  Heaven 
documented  the  control  by  the  Susquehanna  River 
over  salinity  in  the  upper  Che -a  peakc  Bay.  and  pro¬ 
vided  excellent  evidence  that  all  major  oyster  mor¬ 
talities  recorded  for  the  upper  Ray  from  1907  to 
194b  were  associated  with  and  probably  the  direct 
result  of  periods  of  high  runoff  of  the  river. 

Hiologicat  Effects 

The  intermittent  controlled  release  of  fresh  water 
from  l-ake  Okeehobee  to  the  St.  Lurie  Kstuary  in 
Florida  has  probably  enhanced  the  fi' forties  by  nu¬ 
trient  supply,  and  may  benefit  croaker,  mullet,  an¬ 
chovy.  and  menhaden,  according  to  Gunter  and  Hall 
1 1963).  A  better  pattern  of  release  could  be  of  in¬ 
creased  benefit  to  the  fisheries. 

Nelson  (1931),  m  reviewing  the  arguments  relat¬ 


ing  to  diversion  of  Delaware  River  water  to  New 
York  City  in  the  Hudson  River  hasin,  cited  many 
estimates  of  the  ecological  and  biological  effects.  As 
an  example,  he  predicted  an  up-bay  movement  of 
oyster  drills,  Lrosalpinx  cinerea,  to  invade  several 
excellent  oyster  seed  beds  previously  protected  by 
low  salinities.  In  more  general  terms,  salinity  is 
known  to  limit  the  distribution  of  oysters  and  many 
other  estuarine  species  ( Gunter,  1955 ;  Galtsoff,  I960 ; 
Korringa,  1952).  Davu  (1958)  and  others  have 
demonstrated  from  laboratory  experiments  that  the 
eggs  and  larvae  of  clams,  Mercenaries  ( Venus)  mer¬ 
cenary,  and  oysters  (Crassostrea  virginices)  have 
optimal  salinity  requirements  f"*  development  and 
growth,  and  the  optimal  salinity  for  the  eggs  of  the 
oyster  may  be  governed  by  the  degree  of  salinity  at 
vhich  the  parent  oysters  develop  gonads. 

Additional  biological  effects  of  flow  change  are 
known.  Diversion  may  disturb  the  migratory  patterns 
of  fish.  Gaussle  and  Kelley  (  1963)  found  that  flow 
reversal  in  the  San  Joaquin  River,  because  of  ex¬ 
portation  of  water  through  a  power  plant,  has  appar¬ 
ently  affected  salmon  runs,  presumably  because  "home 
stream”  water  was  not  present  to  stimulate  ascent  and 
spawning.  The  degree  of  dilution  affects  the  decrease 
of  bacteria  in  polluted  estuaries,  although  Ketchum 
et  al.  (195 2)  found  this  to  be  a  much  smaller  factor 
than  the  bactericidal  effect  of  sea  water.  Ketchum 
( 1954)  also  showed  that  the  vigor  of  estuarine  circu¬ 
lation,  which  is  greatly  affected  by  river  flow,  de¬ 
termines  the  reproductive  rate  necessary  for  main¬ 
tenance  of  plankton  populations.  Pritchard  (1951) 
suggested  that  the  upstream  movement  of  deep  water, 
also  affected  by  river  flow,  may  transport  young 
croaker,  Micro  fog  on  uudu loins,  from  the  spawning 
ground  (off  Chesapeake  Bay)  upstream  at  2- A  knots, 
or  130  miles  in  less  than  20  days  Our  later  experi¬ 
ence  in  the  Bay  suggests  that  this  is  a  primary  and 
essential  method  of  dispersion  for  the  young  of  weak- 
fish  (Cynaseton  regal  is),  spot  (Lriostomns  xautku- 
nu),  blue  crab  ( Callissectes  sngidns),  and  other  spe¬ 
cie*.  Pntchard  has  also  shown  (1952)  that  similar 
mo\  rments  may  provide  oyster  larvae  for  the  greatest 
seed  oyster  area  of  the  world,  in  James  River  of 
Virginia.  Housefield  ( 1955 )  vivkBy  related  such  flow- 
dominated  circulation  to  the  distribution  of  barnacles 
in  the  Miramkhi  Kstuary.  Odum  and  Wilson  1 1962) 
expressed  the  possibility  that  bays  with  little  flushing 
mar  develop  higher  productivity  and  more  effective 
regeneration  of  nutrients.  Low  river  flow  would  ob¬ 
viously  favor  these  effects 

Ckcmtcei  Effects 

Flow  modification  also  affects  the  chemical  content 
of  waters  entering  the  estuarine  system.  Carpenter 
(  1957 )  found  that  the  calcium  content  of  the  Susque¬ 
hanna  is  broadly,  but  unprecivrly.  related  to  flow. 
Renn  ( unpublished  ).  in  prHnamary  scanor-*  of  die 
distribution  of  ABS  (alkyl  benaene  suifeaute),  prin¬ 
cipal  ingredient  of  the  non-biodrfradablr  detergents, 
observed  the  effective  reduction  caused  by  dilution. 


UTUABIKS:  HUMAN  INFLUENCES 


t 


670 


Laundry  outfalls  showed  levels  up  to  140  ppm  ABS, 
which  was  reduced  by  dilution,  absorption,  blow-off 
of  foam,  and  degradation  (about  5  percent  per  week) 
to  ,2-,3  ppm  in  rivers  and  estuaries.  Agricultural  or 
silvicultural  pesticides  would  be  similarly  affected. 

S  illation 

Siltation  in  es tuarie*  is  caused  by  both  natural  and 
human  factors.  Deforestation,  flashing  runoff,  and 
poor  agricultural  practices  contribute.  Burt  (1955) 
showed  that  river  discharge  affects  the  distribu.ion  of 
the  inorganic  suspended  load  in  the  Chesapeake,  as 
many  others  have  teen  from  other  estuaries.  Welman 
rt  of.  (1957'  “alcnUtfd  that  60  million  cubic  feet 
of  silt  per  year  are  deposited  in  the  estuary  *K* 

Potomac  River  near  Washington.  Mansueti  (1961) 
estimated  that  half  of  the  former  upper  estuary  spawn¬ 
ing  areas  for  fish  and  shellfish  beds  for  oysters  have 
been  destroyed  or  shifted  downstream  by  sediment* 
in  die  Chesapeake.  He  also  pointed  out  the  progres¬ 
sive  filling  of  deeper  channel*  by  such  silt.  Gunter 
( 1956)  summarised  the  soil  transport  of  the  Missis¬ 
sippi  River  as  730  million  tons  of  soil  per  year  into 
the  Gulf  of  Mexico— 38  thousand  acres,  three  feet 
deep.  He  deplores  the  narrow  canalization  of  this 
transport,  which  formerly  overflowed  the  basin. 

Human  countermeasures  are  again  available,  but 
not  well  utilised,  in  this  country  at  least.  Soi!  con¬ 
servation  is  progressing.  Small  watershed  dams  and 
larger  reservoirs  also  retain  silt  effectively. 

Eneichment 

Organic  enrichment  of  tributaries  is  an  ancient 
problem.  In  direct  relation  to  estuaries.  Jeffries 
( 196? )  has  described  the  nutritional  contribution  to 
Raritan  Bay  of  nitrate-nitrogen  and  phosphate  from 
sewage  in  the  Raritan  River  and  the  resultant  dense 
phytoplankton  blooms.  Renn  <  1956 »  cites  human  or¬ 
ganic  loading  as  being  .4  lb  person  day.  The  qiun- 
titie*  reaching  the  estuary  will  obviously  vary  greatly 
with  distance,  river  flow,  loading,  and  many  other 
factors,  so  that  generalizations  here  are  inappropriate. 

I) vus  and  R.vaftttxs 

ITivsical  harriers  in  tributary  streams  create  very 
special  and  important  effect*  Hynes  i!9fi)>  and 
Mansueti  1  1961  i  pointed  out  (fiat  dams  ahvJutely 
bhxk  anadmmous  tidi  migraine's  and  may  climtnatr 
important  runs  unless  fishway  i  are  provided.  A  series 
of  dams  on  the  Susquehanna  has  cut  off  migrations 
of  the  white  shad  <  .4 1  out  utftdutim*  i  and  reduce*! 
the  *|>awnmg  area  of  the  striped  bos*  (  fit*  i  mi  uts, i- 
tJu  i  Others  have  blocked  hrrnngv  and  othet  spe 
CITS  Whitney  1 1961  i  pointed  nit  that,  in  addition  to 
phy  v>cal  blockage,  dam*  create  reservoirs  which  differ 
greatly  tn  circulation.  tn.-.pcratarr.  and  currents  from 
the  original  stream,  so  that  anadronwius  fish  may  not 
hr  sMeressful  even  if  they  pa*s  the  wall  Ftshwavs 
also  introduce  an  artificial  but  effective  factor  for 
genetic  wkction.  In  addition.  rescTs-mr  water  can 
become  depleted  of  oxygen,  modified  i-  temperature. 


and  changed  in  otlier  ways  (Whaley,  I960).  The 
common  practice  of  drawing  relatively  deep  water 
thn  gh  turbines  can  release  undesirable  conditions 
into  the  upper  estuary.  An  aged  fisherman  pointed 
out  other  modifications  it  »he  upper  Chesapeake.  Be¬ 
fore  dams,  the  upper  Bay  was  subject  to  annual  ice 
scour  alternating  with  heavy  siltation.  Dams  prevent 
the  ice  movement,  trap  the  silt,  and  produce  much 
greater  stability  of  the  bottom.  Heavy  vegetation 
grows  where  it  once  could  not 

Selected  Cases 

To  illustrate  the  range  and  magnitude  of  watershed 
effects  on  estuaries,  four  vivid  examples,  past  and 
future,  will  be  briefly  described.  They  are  the  levee¬ 
ing  of  the  lower  Mississippi  River,  operation  of  the 
Bonnet  Carre  Spillway,  plans  for  water  management 
of  the  Potomac  River,  and  diversion  from  the  Dela¬ 
ware  River  to  the  Hudson  River. 

Levees — Gunter  (1952.  1953,  1956,  1957a)  de¬ 
scribes  the  development  of  levees  in  the  lower  portion 
uf  the  1.257,000  square  mile  Mississippi  basin  (Fig. 
1).  First  construction  was  in  1717,  and  a  broader 
program  was  inaugurated  in  1735  by  private  in¬ 
terests.  The  State  of  Louisiana  assumed  res|>onsibil- 
itv  in  1828,  the  Mississippi  Valley  Commission  in 
1879,  and  the  L\  S.  Army  Corps  of  Engineers  in 
1928.  Levees  are  now  up  to  35  feet  high.  Among 
the  many  results,  runoff  is  faster  and  peakier :  velocity 
increase  transports  more  silt :  alluviation,  scditnenU- 
tion.  and  flooding  of  the  swamps,  marshes,  and  estu¬ 
aries  have  virtually  ceased;  and  enormous  quantities 
of  silt  are  directly  deposited  in  the  Gulf  of  Mexico. 
These  have  brought  serious,  and  usually  detrimental, 
changes  to  the  cstuari.ir  arras  of  Louisiana.  Drainage 
of  nutrients  from  land  is  reduced ;  salinity  is  increased 
and  stabilizt-tl .  island  erosion  is  increased ;  and  bays 
may  move  inland.  Sjiecies  appear  to  be  resp  xulmg  to 
these  changes  ami  xmic  oy  ster  reefs  arc  disappearing. 

Bonnet  Lorre  SfJtu-oy — In  the  same  system,  a  great 
spillway.  7. 7U0  fret  wide,  was  completed  in  1932 
i  Fig.  I  ).  It  was  designed  to  protect  New  Orleans 
from  Mississippi  River  floods,  and  can  carry  250 
thousand  cubic  feet  per  second  lets).  It  diverts  water 
into  lake  Pontchartrain.  thence  through  l-akc  Rorgtte 
and  Mississippi  Sound,  am!  eventually  to  the  Gulf  o! 
Mexico  Gunter  *  1953  i  ile*crihes  the  results  of  open 
mgs  tn  1957,  1945,  ami  1 9?0  Since  all  td  the  ir- 
reiving  area  i*  estuarine,  the  effects  art  of  mtrrrst 
here  In  I-ake  1‘onfrharlram.  motile  organisms  are 
driven  out.  ami  many  non  motile  forms  are  killed  by 
low  salinities  A  small  area  is  covered  bs  mud.  Mint 
or  all  of  the  oysters  in  certain  beds  are  destroyed, 
with  lower  low  over  a  -aider  area,  although  oyster 
pests  and  predators  are  killed  out.  Nutrient  is  added 
to  the  area,  estimated  m  1950  as  40  thousand  tons 
Following  rrturn  to  normal  salinities,  unusually  great 
pnwhirtinn  of  shrimp  and  other  marine  life  is  oh 
served  In  < lUttter  v  opmoxi.  the  si  hmeheia1  cro 
nnmic  effort  out  weigh*  the  partial  o*ster  nmrtahties 
switch  occur  m  some  years 
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Fig  !.  Lower  Mississippi  River  Bavin,  showing  relation  of  Bonnet  Carre  Spillway  to  the  estuarine  areas  bortlering 
the  Gulf  of  Mexicu. 


!  he  i'otoHuti — The  Potomac  is  i  vers  flashy  river. 
With  an  average  flow  at  Washington.  I).  C ..  of 
li.OUl  cfs,  it  has  an  observer!  range  front  800  cfs  to 
500.001)  ris.  Droughts,  floods,  iieavv  siltation.  massive 
enrichment,  and  increasing  needs  ior  sustained  water 
supply  all  present  problems  in  it  >  control  and  use. 
Many  |«rtial  or  complete  answers  have  been  proposed 
i  Wolman  <•/  «i 1  .  1957  ».  but  the  most  recent  suggestion 
is  a  dramatic  example  of  efforts  to  manage  a  river 
ami  control  its  effects  on  an  estuary. 

The  C.  S.  Army  Corps  ut  Fngmeers  has  «le- 
vrlnprd  four  alternate  plans,  with  primary  interest  in 
flood  control,  recreation,  water  supply,  and  water 
quality  control  1 1*.  S  Army  Kngmeer  District.  Balti¬ 
more.  X.  All  Div..  1*4M  >  The  one  reeommemletl 
would  im'lude  eslablislunent  of  418  headwater  small 
reservoirs.  16  major  reservoirs,  3  small  flood  contrnf 
project*,  and  a  general  program  oi  land  management 
ami  coi  r  vat  ion  The  cost  is  estimated  at  $498 
million.  ami  it  could  he  completed  about  3)10:  the 
plan  is  now  hring  reviewed 

F.stuarme  effect*  have  hrm  only  partially  estimated 
Augmentation  of  low  summer  and  fall  flow  is  the 
obvious,  and  reduction  of  spring  maxima  is  inevitable 
t 'nrontrollcd  low-flow  averages  ahnut  1.100  cfs,  and 
would  normally  hr  expected  to  decline  in  50  years  to 
TO  cfs  because  of  upstream  irrigation  and  other  con¬ 


sumptive  uses.  If  the  plan  is  effected,  minimal  flow 
would  he  about  4.700  cfs.  which  is  42  percent  of  the 
annual  average.  Specific  projection  of  all  the  effects 
of  this  change  on  the  dynamics,  populations,  and 
character  of  the  Potomac  Kstuary  offers  challenging 
prohlems.  It  has  not  even  been  attempted  It  is  al¬ 
ready  clear,  however,  that  the  tipjier  estuary,  at  least, 
would  he  significantly  and  permanently  different,  rs 
|«evi.»tly  dutmg  summer  months.  Physical  circulation, 
nutrient  availability,  and  biotic  communities  would 
all  lie  significantly  modified. 

7  k.-  I Vhmurr  drr  ermns— New  York  City,  on  the 
Hudson  River.  Isas  long  sought  to  obtain  water  from 
the  IVlawarc  Kivrr  witmlwl.  IVIawarr  Ray.  prin¬ 
cipally  through  ihc  Stale  of  New  Jersey  ,  fought  such 
d ncr sion  in  l'f.9-DJ|  and  1952-1954,  primarily  n*i 
I  lie  groumls  that  estuarine  produr  vity  would  he  dr 
c  fra  veil  Nrlvjn  champomed  this  position  and  has 
summarised  the  estuarine  irgumcnl  (|0ft0i.  Despite 
evidence  which  was  morr  peri  sc  than  usual,  the 
Supreme  t  ourt  allowed  a  diversion  of  1,240  cfs  I  Mil 
mgd  i  Part  of  this  is  already  to  effect  Part  of  the 
jsattrm  provided  will  guarantee  minimal  flows  at 
Trenl.ei  during  low-flow  periods.  Nelson  argued  that 
the  minimal  flows  would  he  ineffective  in  com  ha  ting 
oyster  drills,  that  drill*  would  penetrate  farther  m 
to  productive  seed  bed*  with  higher  average  salmi- 
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ties,  and  that  the  nutrient  toss  would  be  especially 
damaging. 

Ketchum  was  asked  to  predict  the  effects,  and  pro¬ 
vided  estimates  of  channel  salinities  under  normal 
flows  and  under  diversion  with  controlled  summer 
minima.  The  near  future  will  test  his  precision,  but 
his  predictions  provide  an  excellent  example  of  the 
nature  of  the  effects  of  intentional  flow  modification 
on  estuarine  conditions  (Ketchum,  unpublished). 

The  river  ir,  1952  had  a  mean  flow  of  11,700  cfc 
with  usual  lows  near  2,000  cfs  and  highs  near  29,000 
cfs.  With  stipulated  augmentation  of  flow  at  Tren¬ 
ton,  and  diversion  of  1,240  cfs,  Ketchum  predicts  that 
mean  flow  will  be  reduced  from  11,700  to  10,530  cfs, 
low  flow  increased  from  2,157  to  2,893  cfs,  and  high 
flow  reduced  from  28,900  to  21,950  cfs.  Salinity  will 
increase  at  mean  flow  a  maximum  of  .85  %,  decrease 
at  low  flow  a  maximum  of  1.08  and  increase  at 
high  flow  a  maximum  of  3.2  %c.  Range  would  thus 
be  reduced,  with  a  maximum  at  the  center  of  the 
estuary,  where  annual  range  of  16.46  would  be¬ 
come  12.85  ric,  a  difference  of  4.61  Isohalines 

would  be  moved  upstream,  except  during  augmented 
flow.  Biologically,  the  important  conditions  which 
limit  the  viability  or  success  of  popul  itions  are  gen¬ 
erally  tile  extreme  conditions  to  which  the  popula¬ 
tions  are  exposed.  The  proposed  diversions  should, 
therefore,  be  beneficial  to  the  populations  within  the 
estu.v  . 

the  hearings,  other  biologists  expressed  broad 
concern  abou»  the  detrimental  effects,  but  were  unable 
to  make  and  substantiate  specific  predictions  of  those 
effects. 

It  is  interesting  to  cotr.|»are  these  projections  with 
the  report  of  Segerstraale  <  195! )  that  average  changes 
of  .5— .75  '/ir  produced  significant  changes  in  the  effec¬ 
tive  distribution  of  estuarine  species. 

Apparently,  no  one  has  made  an  effort  to  predict 
the  effects  of  the  addition  of  1,240  cl’s  of  water  to  the 
Hudson  Kstiiary.  perhaps  because  no  one  objects  to 
the  addition,  or  because  the  lower  Hudson  at  New 
York  City  seems  to  lie  beyond  reclamation. 

ACTIVITIES  IX  THK  ESTUARY 

Physical  Processes 

With  increasing  frequency  and  intensity,  human 
activities  are  changing  the  physical  conditions  and 
processes  in  estuaries. 

Thermal  Addition 

One  dramatic  and  growing  group  of  effects  arises 
from  the  addition  of  heat  on  a  continuous  basis.  The 
most  important  sources  have  been  generating  plants 
for  electricity,  using  great  quantities  of  water  to 
cool  condensers.  Research  on  thermal  effects  in  fresh 
water  has  been  extensive,  permitting  summary  hv  In¬ 
grain  and  Towne  (1959),  Hynes  (I960),  and  others 
for  the  fluvial  situation,  where  physical  effects  and 
tin  biological  sequence  produced  are  reasonably  pre¬ 
dictable.  This  is  not  so  for  estuaries,  where  tidal 


flux  and  the  presence  of  a  different  community  of 
animal  and  plant  species  introduce  complicating  fac¬ 
tors.  Panned  el  al.  (1962)  reported  observations 
which  illustrate  the  difficulties  of  predicting  effects, 
and  the  types  of  effects  which  may  occur.  Sjiecific 
predictions  were  used  in  designing  the  release  of  26 
million  gallons  per  hour  with  a  rise  from  intake  to 
outfall  of  12*  F.  The  prediction  was  that  warmed 
water  would  spread  thinly  on  the  surface.  It  was 
observed,  however,  that  an  area  1. 000  feet  in  radius 
is  warmed  at  least  5*,  but  most  of  it  is  between  .1  and 
9  feet  below  the  surface,  and  the  plume  swings  with 
tidal  action. 

It  was  predicted  that  little  heat  would  be  absorbed 
by  the  main  body  of  the  estuary,  and  observed  that 
virtually  all  heat  dispersion  is  by  mixing.  The  most 
interesting  obs-rvation  was  that  most  wanned  water 
remained  below  cooler  but  fresh  water  and  above 
cooler  salt  water.  The  interplay  of  salinity  and  tem¬ 
perature  produced  this  unexpected  vertical  series,  with 
salinity  dominant. 

Biologically,  the  heat  appears  to  have  extended  the 
local  breeding  season  of  the  boring  gribhle,  l.imnoria, 
and  increased  the  incidence  of  the  shipworm,  Teredo. 
These  sessile  forms  were  affected  hut  no  significant 
change  in  zooplankton  was  detected.  Other  effects 
remain  to  he  evaluated. 

In  the  United  States,  a  valuable  experiment  may 
be  provided  by  the  construction  of  a  670  MW  steam 
generating  plant  on  the  Patuxent  Estuary,  a  tribu 
tary  of  the  Chesapeake.  The  plant  is  now  under  con¬ 
struction  and  will  warm  500,000  gallons  per  minute 
by  11.5*  F.  in  warm  months  and  half  that  quantity 
by  23°  F.  in  winter.  This  volume  is  about  50  percent 
more  than  the  average  freshwater  input  of  tiie  water¬ 
shed  above  this  point,  so  that  the  estuary  will  he  used 
as  a  tidal  cooling  lagoon  Fortunately,  intensive  stud¬ 
ies  are  preceding  and  following  the  construction  of 
the  plant.  The  Chesapeake  Biological  Laboratory  has 
established  a  research  team  and  developed  cooperation 
from  about  40  scientists  in  a  dozen  institutions  and 
agencies  for  pre-  and  post-operative  studies  of  circu¬ 
lation,  salinity,  oxygen  and  thermal  distribution,  phy¬ 
toplankton  abundance  and  productivity,  zooplankton 
distribution,  bacterial  density,  fouling  rates  and  spe¬ 
cies.  benthic  community  composition,  fish  egg  and 
larval  distribution,  adult  fish  distribution  and  migra¬ 
tion,  crab  abundance,  and  other  aspects  of  the  area. 
Perhaps  this  will  permit  improved  prediction  and 
rational  regulation  of  such  activities.  Present  pro¬ 
jections  of  the  need  for  electric  power  call  for  de¬ 
mand  to  increase  in  this  country  from  CO  billion  gal¬ 
lons  per  day  (bgd)  in  1955,  to  131  bgd  in  1975,  to 
200  bgd  in  the  1980’s  (Picton,  1956).  Against  these 
figures,  consider  the  estimates  of  total  dependable 
surface  runoff.  385  bgd  at  present  increased  to  630 
bgd  by  1975  or  1980.  Power  demand  in  this  country 
and  many  others  grows  even  more  rapidly  than  popu¬ 
lations,  and  increasing  pressure  to  use  estuaries  for 
cooling  is  inevitable. 

Otto  Kinne  at  Helgoland  has  recently  provided 


THE  ROLE  OF  MAN  IN  ESTUARINE  PROCESSES 


673 


Fig.  2.  The  old  Zuider  Zee,  cut  off  by  an  enclosure  dike 
or  "Afsluitdijk”  to  convert  an  estuary  to  a  lake  and  dry 
land. 


an  excellent  and  valuable  review  of  the  effects  of 
temperature  on  marine  and  brackish- water  animals 
(1963)  as  part  one  of  a  survey  of  the  effects  of  both 
temperature  and  salinity.  The  biological  effects  of 
thermal  change,  affecting  all  chemical  and  biological 
rates  and  processes,  are  profound.  Kinne  devotes  por¬ 
tions  of  his  review  to  temperature  tolerance  and  lethai 
limits,  effects  on  metabolism  and  activity,  reproductive 
success,  distribution,  organism  size,  meristic  charac¬ 
ters  and  shape,  and  biotic  adaptation  to  temperature. 

Comprehension  of  these  effects  will  be  invaluable 
in  efforts  to  prevent  estuarine  damage  or  to  utilize 
heat  to  obtain  optimal  benefits. 

Changed  Salinity 

Human  activities  in  the  estuary  occasionally  affect 
salinity.  Examples  arc  provided  by  pumpage  of  large 
volumes  of  fresh  water  into  the  estuary  (Wolntan 
ct  al..  1957  i  or  by  engineering  changes  affecting  the 
fundamental  pattern  of  circulation,  such  as  major 
modifications  of  channel  depth. 

The  great  Dutch  conversion  of  an  estuarine  area 
of  the  Zuider  Zee  to  a  freshwater  lake  was  com¬ 
pleted  in  1932,  when  an  enclosure  dike  was  com¬ 
pleted  (Fig.  2).  cutting  off  2700  km2  of  rich,  warm, 
shoal  water  with  a  salinity  of  10-15  %c  in  the  inner 
portion  and  15-25  %r  in  the  outer  portion.  The  re¬ 
sults,  described  and  discussed  by  Havinga  ( 1935, 
1936,  1941.  1949,  1959),  show  a  vivid  example  of 
man's  impact. 

Salinity  decreased  as  the  flow  of  the  IJssel  River 
continued  while  ocean  water  was  almost  completely 


prevented  from  entering  (Fig.  3).  Stability  was  at¬ 
tained  about  1937,  and  subsequent  salt  intrusion  is 
limited  to  the  water  near  two  locks  in  the  dike.  The 
mero-estuarine  species  which  had  provided  a  large 
fishery  (herrings,  anchovy,  and  shrimp)  and  various 
non-commercial  species  were  quickly  and  vastly  re¬ 
duced.  Herring  were  seen  in  great  numbers  at  the 
dike,  but  were  unable  to  reach  the  low-salinity  water. 
Anchovy  sought  a  different  estuarine  condition,  rela¬ 
tively  high  temperature,  and  were  equally  frustrated. 
Stenohaline  marine  and  polyhaline  organisms  were 
killed,  and  eventually  their  predators  starved.  With 
varying  periods  of  endurance,  the  edible  mussel,  My- 
tilus  cdulis;  the  soft-shell  clam,  Mya  arenaria;  the 
green  crab,  Carcinus  maenas ;  and  other  forms  (Car- 
dium  cdule,  TeUina  balthica,  Coropiiium  sp ,  Hetero- 
panopc  tridentata,  Gohius  minutus,  and  others)  died 
out.  Eventually,  the  predators  dependent  on  intolerant 
forms  also  disappeared. 

Most  of  the  euryhaline  forms  passed  out  of  exist¬ 
ence  more  slowly  in  the  Ijsselmeer,  but  some  sur¬ 
vived.  N  corny  sis  vulgaris  was  highly  successful  in  the 
new  environment,  and  provides  much  of  the  food  for 
larger  species.  Limnetic  species  spread  slowly  but 
effectively  ;  the  motile  forms  achieved  wide  dispersion. 

As  a  result,  the  older  fishery  has  been  entirely  re¬ 
placed  by  freshwater  production  of  pikeperch,  bream, 
roach,  and  others.  A  striking  survivor  is  the  eel, 
Anguilla  vulgaris,  which  t!  rives  as  the  principal  com¬ 
mercial  species.  It  is  -ided  by  nighttime  locking  of 
young  elvers  into  the  lake  when  they  appear  along  the 
dike. 

Havinga  points  out  that  the  result  is  faunistic 
poverty,  marked  by  adaptations  and  intrusions,  al¬ 
though  total  human  values  have  been  greatly  en¬ 
hanced.  Fish  production  of  16  million  kilograms  per 
year  was  replaced  by  1959  with  7  million  kg  of  fish 
plus  70  million  kg  equivalent  of  pork  on  the  reclaimed 
land.  This  may  treble  when  all  the  potential  polder 
reclamation  is  completed. 

The  Netherlands  has  embarked  on  a  second  great 
program  for  modifying  brackish-water  areas  (Fig.  4). 
Primarily  for  the  control  of  highly  destructive  floods, 


Fig.  3.  Chlorinity  in  tlie  Ijsselmeer  following  enclosure. 
The  broken  line  indicates  the  calculated  chlorinity  level. 
The  solid  line  shows  the  observed  level  (After  Havinga. 
1941) 


674 


estuaries:  ik man  influences 


Fig.  4.  The  “Delta  Plan"  for  modifying  estuaries  in  southwest  Netherlands  (After  Havinga,  1959,  modified  to  show 
works  completed  by  mid-1964). 


they  have  begun  the  “Delta  Plan”  at  the  mouths  of 
the  Rhine,  Meuse,  and  Scheldt  Rivers,  to  be  com¬ 
pleted  in  1978.  Three  arms  of  the  sea  will  be  cut 
off  and  a  series  of  additional  dams  will  modify  flow 
and  convert  salt  and  brackish  areas  to  fresh  water. 
Thorough  hydrographic  study  before,  during,  and 
after  construction  is  being  accompanied  by  intensive 
.and  extensive  biological  surveys  (Hartog,  19C3;  Vaas, 
1963).  Present  predictions  of  the  effects  are  stimu¬ 
lating  and  instructive,  in  view  of  Dutch  experience 
in  other  locations.  Tidal  action  will  cease  for  most 
of  the  region,  and  be  reduced  throughout  the  area. 
Salinity  will  decrease  rapidly,  mollified  by  leaching 
of  salt  from  /’aiders,  and  is  not  expected  to  fall  below 
.3  r/!c.  Stenohaline  marine  organisms  will  perish,  al¬ 
though  euryhaline  species  will  persist  for  a  long 
period  and  a  brackish-water  population  will  develop, 
then  be  succeeded  by  limnetic  species. 

Hartog  has  defined  the  euhalinicum,  polyhalinicum, 
mesohalinicum,  oligohalinicum,  and  freshwater  condi¬ 
tions  under  the  present  regime,  and  published  on  some 
of  the  Amphipoda.  Other  studies  are  covering  Hirun- 
dinea,  Iso|>oda,  Gastropoda,  Gammariuae,  turbellar- 
ians,  fish,  plankton,  and  vegetation. 

Human  safety  will  be  gained,  but  it  is  most  re¬ 
grettable  that  part  of  Holland’s  important  mussel  in¬ 
dustry  and  all  of  her  Zeeland  oyster  industry  may  be 


sacrificed.  Korringa  (1958)  described  the  threat  to 
these  industries,  in  which  cultivation  and  manage¬ 
ment  have  been  brought  to  a  high  and  intensive  level. 
He  pointed  out  that  it  might  theoretically  be  possible 
to  determine  the  allowable  range  of  salinity,  silt  con¬ 
tent,  sand  transport,  current  velocity,  plankton,  and 
other  requirements  and  seek  new  oyster  areas,  but  he 
was  not  optimistic.  Artificial  culture  of  seed  would 
be  required,  and  this  is  still  a  difficult  technique,  with¬ 
out  demonstrated  economic  justification  on  a  large 
scale. 

Modifications  of  Basins 

The  shape  of  the  basin  of  an  estuary  has  many 
effects  on  hydrographic  dynamics  and,  as  a  result,  on 
other  processes,  l’ritchard  has  expressed  the  effect 
of  modification  (1955)  by  pointing  out  that  conver¬ 
sion  from  marked  stratification  to  vertical  homo¬ 
geneity  is  favored  by  increasing  the  width  and  op¬ 
posed  by  increasing  the  depth.  Shore  erosion,  silta- 
tion,  channel  dredging  and  spoil  deposition  would  all 
have  local  effects.  Skyes  (1965)  has  noted  that  the 
establishment  of  cities  on  the  shore  is  usually  fol¬ 
lowed  by  an  expanding  pattern  of  reclamation,  fills, 
causeways,  and  bridges,  permanently  altering  the  en¬ 
tire  area.  The  premium  which  is  placed  on  water¬ 
front  residences  creates  dramatic  changes  in  basins 
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by  a  pattern  of  dredging  and  filling  for  housing  and 
for  industry.  Thompson  (1961)  summarized  the  usual 
estuarine  effects  as  reduction  in  the  water  area ;  denu¬ 
dation  of  the  bottom  as  fill  is  removed;  modification 
of  currents  and  tidal  exchange;  alteration  in  salinity, 
temperature,  and  perhaps  oxygen  content;  and  sedi¬ 
ment  dispersion. 

Boca  Ciega  Bay,  on  the  west  coast  of  Florida,  is  a 
clear  example  of  ttie  present  and  future  magnitude  of 
these  changes  (Fig.  5).  Hutton  el  al.  (1956)  felt 
that  the  combined  effects  of  sedimentation  and  basin 
change  in  Boca  Ciega  Bay  might  be  to  reduce 
or  eliminate  fishing  destroy  breeding  and  nursery 
grounds,  and  create  low  oxygen  areas.  Woodbum 
has  provided  a  guide  (1963)  for  reviewing  proposals 
to  change  shorelines,  and  suggests  principles  to  be 
followed. 

Comprehension  of  the  relationships  between  the 
shape  of  the  basin  and  various  processes  can  be  put 
to  highly  constructive  uses.  Scale  models  have  been 
used  in  many  parts  of  the  world  to  study  physical 
patterns  of  circulation  and  to  test  new  possibilities. 
Simmons  (1959)  is  enthusiastic  about  the  potentials 
of  using  models  in  estuarine  research.  By  using  such 
techniques  as  single  slug  and  continuous  release, 
methylene  blue  chloride  and  other  dyes,  and  artificial 
roughening,  he  is  confident  that  models  can  produce 
accurate  integration  of  the  tidal,  density,  and  fresh¬ 
water  forces  that  affect  dispersion,  dilution,  and  flush¬ 
ing  of  introduced  materials.  However,  present  estu¬ 
arine  models  usually  cannot  scale  non-conservative, 
or  interacting,  or  time-related  materials  and  processes. 
1’ritchard  (1960)  has  called  attention  to  possible 
limitations  in  model  studies  of  processes  involving 
diffusion  phenomena.  Present  estuarine  models  in¬ 
clude  the  Delaware  Estuary,  San  Francisco  Bay,  Puget 
Sound,  Thames  Estuary,  New  York  Harbor,  Mata- 
gordo  Bay,  Galveston  Bay,  Narragansett  Bay,  and 
others.  Additional  models  are  planned. 

Man  has  created  a  rather  special  change  in  the 
“shape”  of  estuaries  by  removing  a  portion  of  the 
land  mass  between  them.  In  this  country  an  inter¬ 
coastal  waterway  allows  water,  aquatic  organisms, 
and  people  to  move  freely  between  bays  along  the 
entire  East  Coast  and  much  of  the  Gulf  Coast.  The 
great  canal  systems  of  Europe  and  other  areas  pro¬ 
vide  similar  interchanges.  The  greatest  effects  will 
probably  involve  biological  exchanges  and  extensions. 

Chemical  Methods 
Hiocidcs 

Many  chemical  compounds  inhibit  vital  biological 
processes  Most  compounds  do  so  in  excessive  con¬ 
centrations.  !n  recent  years,  great  industrial  effort 
has  gone  into  the  development  of  compounds  which 
could  lie  used  in  small  quantities  to  interfere  with 
life  processes  in  s|iecifir  target  species.  The  results 
are  variously  called  weedicides,  herbicides,  bacteri¬ 
cides.  fungicides,  and  pesticides.  Miss  Carson  has 
correctly  termed  the  group  “biocides”  because  of  their 


fundamental  effect.  They  destroy  life.  Advantages 
and  disadvantages  from  their  use  are  both  very  great. 
These,  and  toxic  substances  never  intended  for  use 
in  control  work,  are  present  in  estuaries  in  increasing 
amounts. 

The  U.  S.  Fish  and  Wildlife  Service  has  been  espe¬ 
cially  concerned  with  biocidal  effects,  and  very  valuable 
work  has  been  done  on  two  broad  problems.  What 
are  the  effects  of  these  materials  on  estuarine  species 
other  than  the  original  target?  Can  biocides  be  used 
constructively  in  the  management  of  estuarine  organ¬ 
isms?  This  research  provides  valuable  guidance.  It 
is,  however,  most  regrettable  that  there  has  as  yet 
been  little  support  for  research  on  the  fundamental 
physiological  mechanism  of  biocides,  and  on  the  ef¬ 
fects  of  known  toxins  on  the  broad  spectrum  of  non¬ 
commercial  species. 

Davis  investigated  the  effects  of  31  pesticides  on 
the  eggs  and  larvae  of  the  oyster  and  clam  (1961). 
He  reported  great  variation  in  toxicity  within  each 
group  of  chemicals,  ranging  from  90  percent  mor¬ 
tality  of  oysters  in  .05  ppm  DDT  to  improved  growth 
of  clams  in  5  ppm  of  lindane.  Several  apparently 
beneficial  materials  may  have  reduced  bacterial  ac¬ 
tion.  Reduction  in  growth  rate  was  identified  as  a 
useful  indicator  of  toxicity.  Davis  felt  that  it  will 
eventually  be  possible  to  select  materials  for  highly 
specific  control. 

The  effect  of  toxins  on  growth  was  more  fully  de¬ 
veloped  by  Butler  el  al.  (1962).  They  observed  that 
change  in  growth  rate  provides  a  sensitive  bioassay 
technique,  allowing  detection  of  differences  in  one 
or  two  days.  Chlordane,  heptachlor,  and  rotenone 
were  observed  to  be  inhibitory  within  24  hours  in 
concentrations  as  low  as  .01  ppm.  All  of  the  com¬ 
mon  agricultural  pesticides  tested  were  toxic,  but 
there  was  some  indication  that  they  are  released 
from  internal  storage  in  organisms  when  environ¬ 
mental  concentration  drops. 

In  efforts  to  utilize  biocides  constructively,  Loosa- 
noff  (1960)  and  his  associates  have  screened  hun¬ 
dreds  of  compounds  in  a  search  for  effective  meth¬ 
ods  for  controlling  green  crabs  ( Carcinus  maenas) 
and  other  arthropod  predators  on  molluscan  shellfish. 
They  identified  a  large  number  of  effective  com¬ 
pounds,  which  can  also  kill  shrimp,  prawns,  copepods. 
and  other  crustaceans.  Perhaps  it  is  suggestive  of  the 
complexity  and  difficulties  of  this  field  to  note  that 
my  own  professional  interest  in  the  blue  crab  ( Colli - 
nectex  sapiJux)  nod  the  copepods  of  the  estuaries 
makes  me  regard  this  new  knowledge  with  conflicting 
feelings.  Loosanoff  also  re|>orted  that  many  of  the 
materials  tested  adversely  affect  molluscs.  1.0  ppm 
of  DDT  caused  the  death  of  oyster  larvae,  and  .025 
jip.  i  interfered  with  growth.  He  suggested  combina¬ 
tions  which  might  he  effective  chemical  barriers  to 
minimize  the  invasion  of  shellfish  beds  by  arthropods, 
and  urged  thorough  evaluation  of  every  such  pos¬ 
sibility  prior  to  use. 

Additional  efforts  in  the  control  of  undesired  spe¬ 
cies  have  lieen  reported  recently.  Hanks  (1963) 
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learned  that  baitfish  cculd  be  soaked  in  lindane  solu¬ 
tion  to  reduce  green  crab  populations  and  reduce 
crab  immigration.  Lindsay  (1963)  tested  several  ma¬ 
terials  for  the  control  of  ghost  shrimp,  Callianassa 
sp.,  and  Japanese  drills.  Ocinebra  japonica,  in  Puget 
Sound.  Shrimp  could  he  controlled  and  drills  could 
be  prevented  from  entering  experimental  plots,  but 
Lindsay  urged  that  the  methods  be  avoided  until  long¬ 
term  effects  and  public  health  problems  could  be  fully 
understood.  The  use  of  DDT  on  oyster  cultch  to  con¬ 
trol  barnacles  ( Elminius )  was  tested  for  the  effects 
on  oysters  (Waugh  and  Ansell,  1956).  This  cor'.iol 
technique  had  been  discovered  by  Loosanoff  and 
tested  by  others.  The  set  of  oysters  doubled,  initial 
growth  was  somewhat  inhibited  but  followed  by  ex¬ 
cellent  growth,  to  reach  40  percent  greater  size  than 
controls  in  2'/j  months. 

W’ith  reference  to  plants,  estuarine  research  on 
biocides  is  extremely  limited.  2,4-D  was  effective  in 
killing  Eurasian  milfoil  in  the  upper  Chesapeake  Bay 
(Rawls.  1964),  and  Beaven  el  al.  (1962)  showed 
that  the  effective  concentration  had  no  acute  effects 
on  crabs,  oysters,  clams,  and  fish.  A  secondary  mor¬ 
tality  occurred,  however,  when  the  dense  mat  of 
killed  plants  decayed  on  the  bottom,  producing  an¬ 
aerobic  and  toxic  conditions. 

An  excellent  summary  of  the  results  of  research  on 
pesticides  has  fjeen  prepare*!  by  Butler  and  Springer 
(1963).  It  brings  together  the  present  knowledge 
pertinent  to  coastal  waters,  including  a  number  of 
individual  reports  which  must  be  omitted  in  the  pres¬ 
ent  general  discussion.  Pesticides  have  been  devel¬ 
oped  on  a  significant  scale  only  since  World  War  II, 
and  research  on  effects  still  lags  far  behind  the  rapid 
growth  of  this  economically  valuable  field  of  products. 
The  review  includes  the  results  of  laboratory  and  field 
studies  on  phvtoplankton,  crustaceans,  molluscs,  fish, 
reptiles,  birds,  and  mammals.  It  is  abundantly  clear 
that  there  is  significant  variation  between  species,  be¬ 
tween  chemical  families  of  conq>ounds,  and  between 
individual  com|x>unds.  Irregularity  in  the  results  of 
field  tests  suggests  the  reasonable  probability  that 
actual  toxicity  might  be  affected  by  temperature,  silt, 
flushing  rates,  salinity,  and  other  environmental 
factors. 

These  authors  also  comment  constructively  on  the 
s|>ecial  problems  related  to  |>esticide  application. 
Chronic  toxicity  may  lie  more  subtle  than  acute  toxic¬ 
ity,  but  as  devastating.  Acquired  resistance  has  been 
demonstrated  for  some  vertebrates.  The  specific  ca¬ 
pacities  of  organisms  to  concentrate  pesticides  are 
|MKirlv  known,  but  may  lie  extremely  important  be¬ 
cause  oysters  concentrated  96  percent  of  available 
DDT  within  two  days  and  retained  much  of  this  for 
substantial  periods.  The  possibilities  of  recycling  and 
build-up  were  noted,  citing  freshwater  experience  in 
which  original  applications  of  .01 4- .02  ppm  of  TOE 
(l)DDl  eventually  produced  concentration  of  2,500 
ppm  in  fish  and  1.600  ppm  in  fish-eating  birds.  The 
eventual  use  of  chemicals  which  are  specific  for  target 


species  and  non-toxic  to  all  others  is  cited  as  the 
most  promising  future  avenue  of  effort. 

During  March,  1964,  the  British  Government  or¬ 
dered  withdrawal  of  the  chlorinated  hydrocarbons,  al- 
drin  and  dieldi <n,  from  use.  Action  was  apparently 
based  on  evidence  of  accumulative  contamination,  and 
also  on  some  uncertainty  of  the  physiological  human 
effects.  AL  i  in  March,  1964,  the  U.  S.  Public  Health 
Service  and  the  State  of  Louisiana  established  endrin 
used  fot  cane  borers  as  the  probable  cause  of  the 
killing  J  10  midion  fish  in  the  Mississippi  River  ba¬ 
sin,  including  brackish  waters  of  the  Gulf  of  Mexico. 
As  compared  with  envi'onmenta!  concentrations,  fish 
blood  showed  a  thousandfold  increase,  and  fatty  tissue 
a  ten-thousandfold  accumulation 

In  the  estuarine  studies  which  have  been  conducted, 
these  chlorinated  hydrocarbons  are  all  dangerous  to 
important  estuarine  species,  but  so  are  many  others. 
Revelations  of  damage  and  restrictions  on  use  are  not 
yet  ended. 

Intensified  attention  to  pesticides  should  not  obscure 
the  ever-present  possibilities  of  other  toxic  elements 
and  compounds.  The  paucity  of  such  research  in  estu¬ 
aries  is  impressive  in  view  of  the  great  industrial 
growth  of  recent  years  and  the  consequent  threat  to 
inshore  waters.  Alexander  el  ai.  (1936)  illustrated 
one  type  of  effect  in  that  low  levels  of  cyanide  showed 
linear  increase  in  toxicity  with  temperature,  but  nearly 
logarithmic  increase  in  toxicity  with  decrease  in  oxy¬ 
gen  concentration.  Olson  et  al.  (1941)  and  Davis 
(194B)  explained  the  effects  of  flocculent  copperas 
pollution  on  diatoms,  and  learned  that  precipitating 
particles  carry  some  diatoms  from  the  water.  This 
would  decrease  productivity,  although  Davis  found 
no  evidence  of  substantial  loss.  Galtsoff  (1960)  ob¬ 
served  that  the  precipitate  can  be  dealt  with  by  oys¬ 
ters,  but  suspects  that  it  may  be  harmful  to  larvae. 
He  also  notes  the  absorption  and  storage  of  copper, 
mercury,  lead,  and  arsenic  by  oysters  and  other 
bivalves. 

Ideally,  research  on  the  effects  of  chemical  addi¬ 
tions  to  the  estuary  should  precede  or  parallel  indus¬ 
trial  development,  new  brand  production,  and  chemi¬ 
cal  process  modification.  Regrettably,  this  is  not  the 
present  practice.  Therefore,  new  damage  and  danger 
remain  as  continuous  and  growing  threats  in  coastal 
waters. 

Xulrtenl  (  hcmicais 

Human  wastes,  or  their  degradation  products,  are 
universally  placed  in  the  river,  the  estuary,  or  the 
sea  (see  Koch,  1959,  for  a  comprehensive  European 
summary),  and  provide  a  continuous  source  of  nitro¬ 
gen  and  phosphorous  in  various  combinations,  phis 
a  variable  and  imperfectly  understood  mixture  of 
many  substances.  The  great  human  preference  for 
concentrating  near  estuaries  makes  the  impact  even 
greater  at  that  site.  Nitrogen  and  phosphorous  are 
essential  for  |>hotosynthetic  elaboration,  and  avail¬ 
ability  sometimes  limits  production,  to  that  they  must 
receive  principal  discussion. 
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Before  examining  some  of  the  effects  of  human 
waste,  it  is  of  interest  to  note  that  other  potential 
mixtures  of  waste  are  added  to  estuaries  in  signifi¬ 
cant  quantities.  Ryther  (1954)  and  others  of  the 
staff  of  the  Woods  Hole  Oceanographic  Institution 
(Ryther  et  al.,  1958a;  Guillard  el  of.,  1960)  have 
studied  the  remarkable  growth  of  algae  in  Great 
South  Bay  and  Moriches  Ray,  on  Long  Island,  New 
York.  Broad  study  of  hydrography,  chemistry,  and 
biology  has  demonstrated  that  heavy  pollution  from 
surrounding  duck  farms,  with  high  organic  nitrogen 
but  unusually  low  N:P  ratio,  combines  with  the  to¬ 
pography  and  hydrography  of  these  bays  to  yield  a 
very  dense  population  of  small  algae,  dominated  by 
Nannochlorit  atom  us  and  a  species  of  Stichococcus. 
These  have  seriously  reduced  the  oyster-producing 
capacity  of  these  estuaries  by  unbalanced  overenrich¬ 
ment. 

Effects  of  nutrient  addition,  rather  than  tables  of 
the  prevailing  quantities,  are  of  interest  here.  Hynes 
(1960)  has  provided  a  valuable  condensation  of 
knowledge  of  the  fluvial  and  lacustrine  effects  of  or¬ 
ganic  pollution,  and  demonstrates  that  processes  are 
rattier  well  established  (see  also  Ingram  and  Towne, 
1959).  Of  about  45  pages  on  the  biological  effects 
of  organic  matter,  Hynes  was  able  to  devote  only  two 
to  estuaries  because  “there  is  little  detailed  informa¬ 
tion  on  the  biological  consequences  of  estuarine  pollu¬ 
tion”.  He  cites  tidal  activity  and  rapid  environmental 
changes  as  complicating  factors.  However,  the  gen¬ 
eral  pattern  of  dense  algal  blooms,  often  accompanied 
by  esthetically  undesirable  appearance  and  odor  is 
very  familiar  (Bartsch,  1961  >. 

Rational  attempts  must  be  made  to  understand 
these  effects,  in  view  of  the  certain  growth  of  coastal 
populations.  E.  P.  Odum  (1961a)  provides  a  con¬ 
structive  point  of  departure  when  he  recognizes  that 
the  addition  of  large  amounts  of  organic  waste  into 
natural  waters  creates  a  new  ecosystem,  and  that  an 
effective  response  to  it  is  most  likely  to  be  found  in 
studying  the  fundamental  principles  and  processes  in¬ 
volved.  He  includes  a  helpful  analysis  of  the  energy 
flow  involved  and  the  nutrient  cycling  which  occurs, 
and  suggests  avenues  of  attack  when  the  results  arc 
inconsistent  with  human  wishes.  Krause  (1961)  and 
others  have  outlined  the  fundamentals  of  algal  physi¬ 
ology,  and  has  e  urged  a  tinsic  approach  to  these  highly 
practical  problems. 

The  distinctive  problems  and  (witcntials  of  estuarine 
enrichment  have  already  received  attention.  Mansueti 
( 1961 )  stresses  the  widespread  estuarine  tendency  to 
act  as  a  nutrient  trap,  with  tidal  cycles  and  slow- 
flushing  to  enhance  the  availability  of  nutrients  for 
chemical  or  biological  use.  Pritchard  (1959b)  re¬ 
viewed  the  physical  mechanisms  affecting  the  distribu¬ 
tion  of  conservative  materials  introduced,  and  showed 
that :  (a)  oscillatory  tidal  motion  produces  longitudinal 
spread;  th>  nun-tidal  disjiers'on  will  respond  to  the 
density  of  the  material  and  the  pattern  of  net  motion 
in  the  estuary  <  vertically  homogeneous,  two-layer, 
three-layer,  etc);  ic)  net  flushing  will  occur,  and 


usually  be  predominantly  along  the  right  side  of  the 
estuary;  and  (d)  entrapment  by  lateral  indentures 
can  provide  important  reservoirs.  He  predicted  that 
computation  may  eventually  be  feasible  for  predicting 
the  distribution  of  conservative  contaminants,  but 
that  non-conservative  materials  will  be  much  mere 
difficult.  I  would  add  that  biological  processes  and 
sequences  in  estuaries  rarely  permit  such  broad-scale 
projections  with  useful  accuracy  as  yet,  although  they 
merit  continued  effort. 

Artificial  enrichment  has  been  essayed,  but  it  is 
expensive  because  of  the  cost  of  fertilizers  and  of  ac¬ 
companying  research.  Pratt  (1949)  found  that  the 
addition  of  superphosphate  could  elevate  phosphate 
levels  in  a  salt  pond,  although  not  by  calculated 
amounts.  Repeated  addition  held  levels  well  above 
pre-treatment  concentrations.  Nitrate  additions,  on 
the  other  hand,  produced  short  spurts  to  predicted 
levels,  but  these  could  not  be  held.  A  net  increase  in 
the  standing  crop  was  obtained,  and  it  lasted  for 
a  significant  period.  Earlier  large-scale  study  of 
changes  in  a  fertilized  sea-loch  by  Raymont  (1949) 
and  others  showed  that  plankton  production  increased, 
bottom  fauna  was  enhanced,  and  fish  production  even¬ 
tually  responded  favorably.  Use  of  sewage  for  en¬ 
richment  of  freshwater  ponds  is  an  ancient  technique. 

Development  of  practical  methods  for  profitable 
management  of  the  enormous  quantities  of  fertilizing 
materials  available  to  estuaries  offers  a  challenging 
field  for  further  research  and  for  contribution  to 
human  welfare.  At  present,  these  vast  quantities  are 
released  in  undirected  patterns,  without  using  their 
great  potential  for  profitable  selected  improvement. 

The  specific  effects  at  sewage  outfalls  into  estuaries 
also  need  further  study.  Through  the  tidal  cycle,  the 
release  plume  will  swing  upstream  and  downstream, 
and  cover  a  central  area  twice  or  continuously.  Ef¬ 
fects  on  planktonic  and  nektonic  species  may  be 
ephemeral,  and  the  best  record  of  effect  is  often  made 
on  the  benthic  community.  The  affected  zones  are 
oval,  circular,  or  semicircular,  in  contrast  with  the 
more  linear  fluvial  effects  noted  by  Gaufin  and  Tarz- 
well  (1956),  Hynes  (1960),  and  Ingram  and  Towne 
(1959).  Estuarine  patterns  have  been  observed  by 
Blegvad  (1932),  Fraser  (1932),  Filicc  (1954a,  b), 
Reisli  (1959a.  h),  and  McNulty  (1961).  Successive 
zones  away  from  the  outfall  may  include  an  area  of 
sludge  or  soft  muck  w  ith  no  macroinvertebrates ;  a 
|HK>r  zone  which  may  have  characteristic  sjiecics  pres¬ 
ent,  sometimes  dwarfed ;  a  relatively  rich  zone  with 
heavy  |xipulations  of  molluscs,  worms,  diatoms,  and 
other  sjiecies :  and  normal  communities.  Effects  of 
local  circulation,  substrate,  salinity,  and  other  vari¬ 
ables  would  produce  almost  infinite  variations.  In 
broader  terms.  McNulty  saw  a  small  damaged  area 
surrounded  bv  a  much  larger  enriched  area,  and 
could  distinguish  indicator  organisms  and  communi¬ 
ties  for  both.  Galtsoff  (  1956 ).  however,  reported 
that  sludge  from  domestic  sewers  has  almost  com¬ 
pletely  smothered  the  formerly  productive  shellfish 
beds  in  the  vicinity  ot  large  cities,  including  New 
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York,  Boston,  and  Norfolk.  Hynes  cited  the  reports 
of  Pentelow  (1955)  that  sewage  causes  severe  de¬ 
oxygenation  in  sonic  estuaries  like  the  Thames  to 
promote  a  condition  which  blocks  the  upstream  and 
downstream  migration  of  sea  trout  and  salmon  so  that 
these  runs  have  become  extinct.  There  is  need  for 
additional  research  on  the  effect  of  sewage — and 
much  room  for  improvement  in  handling  it. 

Radioactive  IVastes 

Radioactive  wastes  are  entering  coastal  waters  in 
increasing  quantities  from  such  activities  as  research, 
munitions,  industry,  and  medicine.  The  estuaries  are 
likely  to  receive,  and  retain,  greater  concentrations 
than  the  oceans.  These  are  of  concern  because  they 
may  cycle  and  recycle  until  they  enter  human  food 
supplies  in  significant  quantities,  and  they  may  also 
affect  the  genetic  structure  of  aquatic  organisms. 

Chipman  (1958,  1960)  has  cited  the  complexity 
of  obtaining  complete  answers,  since  the  fate  of  radio¬ 
nuclides  is  dependent  on  many  physical,  chemical, 
and  biological  processes.  Pritchard  (1960)  stated 
that  the  principal  factors  involved  will  usually  be  the 
form  of  the  contaminant,  dilution,  advective  trans¬ 
port,  turbulent  diffusion,  uptake  on  sediments,  and 
extraction  by  the  biota  from  solution  or  from  the 
sediments.  Chipman  and  his  associates  (Chipman 
et  al.,  1958)  reported  oil  a  series  of  experiments  de¬ 
signed  to  establish  uptake  rate  of  various  probable 
radionuclides  by  common  species  and  to  track  these 
materials  through  major  food  chains.  Of  all  the  sug¬ 
gested  fates,  Donaldson  (1960)  found  biological  activ¬ 
ity  to  be  the  most  important  factor  in  the  distribution 
and  localization  of  radioactive  products  at  Eniwetok. 
He  found  no  evidence  of  biological  effects  of  these 
products,  probably  because  competition  quickly  elimi¬ 
nates  injured  individuals.  The  applicability  of  these 
generalizations  to  estuaries  has  not  been  tested.  Ex¬ 
treme  local  situations  may  be  dangerous  and  impor¬ 
tant.  but  apparently  the  total  effect  is  not  yet  great. 

/’«//>  ll'ar/or 

The  wastes  from  plants  that  process  wood  into 
cellulose  products  by  various  processes  are  released 
into  many  estuarine  areas.  A  great  deal  has  been 
written  which  contains  many  conflicting  observations 
and  opinions.  As  an  example,  in  1947  Galtsoff  ft  al. 
were  satisfied  that  pulp-mill  waste  was  the  principal 
cause  of  decline  of  the  productivity  of  oyster  hars 
in  the  York  River  of  Virginia.  In  a  very  different 
area,  Waldichuk  (19591  described  a  variety  of  re¬ 
leases  in  British  Columbia,  and  noted  that  chemical 
and  biological  degradation  may  or  may  not  lie  present, 
depending  largely  on  the  mechanics  of  release.  The 
rejiort  offered  by  Gunter  and  McKee  to  the  Washing¬ 
ton  Pollution  Control  Commission  in  1960  appears 
to  contain  a  rational  summary:  (1)  sulfite  waste  is 
exceedingly  complex,  varying  with  species  of  wood, 
treatment,  and  digestion  chemicals;  (2)  effects  have 
been  erratic  and  mixed,  with  investigational  results 
including  both  stimulation  and  depression  of  the 


biota;  (3)  physical  dispersion  and  dilution  are  im¬ 
portant  aids  in  disposal;  (4)  interim  regulations 
should  be  established;  and  (5)  research  is  essential 
to  study  the  effects  of  the  liquor  and  method  of 
rendering  it  non-destructive. 

Exotic  Chemical  Effects 

Wherever  large  quantities  of  chemicals  are  placed 
in  estuaries,  they  cause  change.  Each  case  is  local 
and  specific.  Some  special  instances  are,  however, 
potentially  instructive  and  important. 

Stroup  et  al.  (1961)  commented  on  the  effects  of 
adding  large  quantities  of  acid  to  the  carbonate- 
buffered  waters  of  Baltimore  Harbor.  They  found 
that  pH  is  decreased,  and  the  partial  pressure  of  COa 
is  increased.  This  increase  in  C03  tension  may  be 
significantly  favorable  to  photosynthesis  but  unfavor¬ 
able  to  tile  fauna. 

Galtsoff  (1960)  emphasized  the  capacity  of  many 
organisms  to  concentrate  elements  and  compounds 
from  the  environment.  Bivalve  molluscs,  for  example, 
absorb  copper,  mercury,  lead,  and  arsenic  near  in¬ 
dustrial  areas.  Oysters,  clams,  and  scallops  can  con¬ 
tain  concentrations  of  zinc  over  100  thousand  times 
that  of  surrounding  waters  (Chipman  et  al.,  1958). 

Oil,  motor  exhaust  fumes,  ship  bilge,  unusual  in¬ 
dustrial  wastes,  garbage  dumping,  and  a  limitless  vari¬ 
ety  of  special  rhemical  additions  exist,  and  require 
comprehension  and  control  where  they  are  important. 

Pollution-control  efforts  are  universal,  but  extremely 
variable.  It  is  improbable,  however,  that  understand¬ 
ing  and  effectively  controlling  chemical  pollution  will 
ever  catch  up  in  the  race  against  new  products  and 
processes.  In  most  cases,  regulations  are  created  after 
damage  occurs  rather  than  with  intelligent  foresight. 

Geological  Processes 

Man  has  directly  influenced  geological  processes, 
principally  by  changing  silt  production  and  distribu¬ 
tion.  Within  the  estuary,  this  is  usually  the  result 
of  shoreline  construction  (Sykes,  1965V  dynamiting 
(Gunter,  1957b),  cutting  of  waterways  and  canals, 
oi  certain  specialized  fishing  operations  such  as  hy¬ 
draulic  dredging  for  soft  shell  clams  (Manning. 
1957).  Manning  described  the  Maryland  gear,  de¬ 
veloped  since  1950;  it  jets  a  trench  in  the  bottom 
about  30  inches  w  ide  ami  up  to  18  inches  deep.  Heavy 
materials  drop  rapidly,  tail  clams  and  other  coarse 
materials  are  conveyed  by  belt  to  the  surface;  the 
fine  silts  and  clays  are  dispersed,  usually  to  no  more 
than  50  feet  on  either  side  of  the  cut.  Most  material 
returns  to  the  trench. 

Effects  of  silt  handling  are  usually  relatively  local, 
although  Hellier  and  Komicker  reported  in  1962  that 
hydraulic  canal  dredging  dejxwited  silt  as  deep  as 
27  cm,  and  as  far  as  .5  miles  from  the  dredge.  Many 
factors  affect  dispersion.  Bartst.ii  t  i960)  has  identi¬ 
fied  the  sources  and  result*  of  silt  in  fresh  water. 
Turbidity  obviously  interfere*  with  light  transmission 
and  |>hoto*ynlhesis,  and  usually  increase*  oxygen  de¬ 
mand  (Odum  and  Wilson,  1962).  After  heavier  ma- 


ESTUABIES:  HUMAN  INFLUENCES 


680 

teriaU  settle  quickly,  turbidities  rarely  exceed  the 
natural  levels  caused  by  wind.  Galtsoff  (1960)  in- 
eluded  sedimentation  as  one  of  the  negative  factors  in 
the  environment  of  the  oyster,  since  even  the  capacity 
of  this  remarkably  silt-tolerant  species  can  be  over¬ 
come  by  smothering  loads.  Although  severe  special 
cases  exist,  Gunter’s  comment  seems  to  have  general 
application— deleterious  effects  are  real  but  local /.ed, 
and  nutrient  release  may  offset  the  damage  done. 

Biological  Processes 

All  the  modifying  activities  considered  in  earlier 
sections  affect  biological  processes.  They  operate 
through  effects  on  photosynthetic  production,  nutrient 
cycling,  changed  food  supply,  altered  activity  patterns, 
direct  maiming  or  killing,  and  many  other  pathways 
in  the  ccsys^nn  None  of  these  effects  of  man  are 
understood  fully  for  estuarine  areas.  Our  basic  knowl¬ 
edge  of  effect  on  biological  processes  is  limited  and 
most  of  our  information  is  clustered  around  the  eco¬ 
nomically  important  species.  Two  areas  of  human 
activity  offer  dramatic  evidence  that  e  are  as  power¬ 
ful  in  influencing  these  effects  as  are  in  causing 
physical  and  chemical  changes.  Fishing  and  the  trans¬ 
planting  of  species  into  new  aquatic  communities  are 
stimulating  examples  for  review. 

Human  Predation  ( Fishing ) 

In  the  Chesapeake  Bay  and  the  immediate  coastal 
waters,  about  500  million  pounds  of  aquatic  organ¬ 
isms  are  stripped  annually  from  the  total  estuarv- 
dependent  biota  by  human  predation.  Sykes  ( 1964} 
reports  1,104,000,000  pounds  in  1960  for  the  north  por¬ 
tion  of  the  Gulf  of  Mexico.  This  is  a  very  specialized 
predation,  which  is  highly  selective  by  species  ami 
by  size:  it  is  seasonal  in  its  effects,  and  dors  nut 
return  the  captured  nutrients  directly  into  the  system. 
Not  all  the  effects  on  the  biological  processes  arc  yet 
known,  but  many  can  be  cited  or  suggested. 

The  species  preyed  upon  by  humans  in  the  estuaries 
of  the  Middle  Atlantic  coast  of  North  America  can  be 
grouped  into  three  categories :  wild  resident  species, 
wild  transient  species,  and  cultured  species.  Man’s 
predation  has  different  effects  on  each  of  these  groups, 
hut  there  are  several  general  effects  which  apply  to  all. 

The  wdd  resilient  sjieeies.  which  spend  virtually  all 
their  life  history  in  the  estuary,  were,  obviously,  pres¬ 
ent  in  the  estuary  prior  to  nun’s  intensive  use.  t'on 
sitler  the  oy  >*»-.■  bed  communities,  soil  shell  clams,  and 
striped  bass  of  the  <.’hcsa|irakc :  early  harvest  was 
light,  with  inefficient  gear;  power  hosts,  nylon  nets, 
better  dredges,  navigational  aid*,  increased  experi¬ 
ence.  and  more  efficient  predatory  techniques  have 
placed  increased  pressure  on  these  and  other  resi¬ 
dent*.  Four  known  and  possible  changes  could  he 
made.  First,  thr  structures  of  the  community  can  hr 
substantially  altered :  lor  example,  all  utilized  oyster 
beds  could  he  changed  in  specie*  composition,  site, 
distribution  for  oysters,  and  physical  structure.  See- 
undJy.  the  total  abundance  and  distribution  of  thr  prey 
species  ran  be  substantially  changed  <  Mary  larva’s 


oyster  catch  is  about  10  percent  of  earlier  levels,  de¬ 
spite  gear  improvement  and  high  price.  Many  old 
beds  are  barren,  without  oysters  or  their  usual  asso¬ 
ciates.)  The  size  and  age  composition  of  prey  i.pe- 
cies  can  be  modified,  which  appears  to  have  occurred 
in  striped  bass,  where  human  predation  is  heaviest 
on  young  fish.  A  fourth  possibility  is  that  growth 
rates,  distribution,  and  spawning  success  might  be 
enhanced.  ( Soft  shell  clams  may  he  growing  more 
rapidly  and  densely  on  worked  beds  than  on  undis¬ 
turbed  areas. ) 

The  transient  wild  species  like  shad,  herrings,  etc., 
which  move  into  or  through  the  estuary  to  breed 
or  to  feed,  are  exposed  to  intensive  inshore  predation 
for  only  part  of  their  lives,  but  it  may  be  under  highly 
vulnerable  circumstances.  A  principle  of  fishery  bi¬ 
ology  was  expressed  by  an  experienced  fisherman 
when  he  told  me  that  "Fish  are  fairly  safe  from  over¬ 
fishing  unless  we  can  get  at  them  in  a  bottleneck  that 
they  must  pass  through  Then,  we  can  really  murder 
them."  Although  increased  fishing  efficiency  also 
contributes  to  the  decreases,  the  bottleneck*  like  mi¬ 
gration  to  limited  spawning  areas,  offer  the  greatest 
opportunities  for  the  depletion  of  stocks  by  overfish¬ 
ing  and  for  a  significant  genetic  selection.  The  stur¬ 
geon  appears  to  lie  depicted,  for  example,  but  critical 
studies  are  lacking:  it  is  rare  in  this  area,  and  ex¬ 
tirpation  is  imaginable.  Significant  genetic  selection 
can  he  effected  by  size  limits,  net-mesh  regulations, 
and  controlled  seasons  if  the  entire  stock  is  regularly- 
exposed  to  selective  predation.  Fishways  intrr|xised 
on  essential  spawning  migrations  may  select  to  favor 
strains  which  can  pass  ladders. 

The  cultured  and  semi-cultured  species  are  particu¬ 
larly  vulnerable  to  change.  Complete  culture,  involv¬ 
ing  production  of  young  or  seed  from  selected  parents 
and  sujiervision  until  liarvesting,  apparently  is  not 
now  possible  for  any  estuarine  species  on  a  com¬ 
mercial  scale.  I'rassostrea  virginiea.  Ostrea  edulis. 
it  \  til  us  ext  ut  is,  t  hiiHos  chanos,  ami  /Vnjcmj  seliferus 
are  .-.II  |  artially  cultured,  and  thrsr  and  otliers  w  ill 
prohahly  hr  fully  controlled  m  tlie  future  Several 
mi|Kvrtant  steps  can  lie  taken  on  Mull  of  these  s|»e- 
nes.  including  provision  of  effective  substrate  for 
larvae  of  oysters  and  clams.  traiis|*>rt.itioo  and  con¬ 
centration  ,,i  favorable  growing  areas.  |vart<al  or 
complete  protection  from  other  predators.  feeding.  ami 
intensive  and  thorough  harvesting.  Alt  •>■’  these  arc 
violent  modifications  of  the  natural  bioh^ica!  pror- 
r,,r'  of  the  estuary.  and  may  result  t:i  improved 
growth  rale,  survival  ami  rtmdttion  of  the  rr;’’  VJ 
species.  Oysters  im  | dallied  cultch,  for  example,  whew 
transplanted  to  gmal  growing  area-,  where  torn!  it 
more  plentiful  ami  natural  predators  absent,  show 
improved  survival  and  growth  licnctMr  vice! urn  mas 
also  result,  as  in  the  case  of  ovstert  which  mav  fuse 
been  naalittrd  by  eolturr  and  bv  vers  whIc  scale 
trans|dar.ting  ahmg  the  rntirr  Vtlantic  coast — the  po¬ 
tentials  in  this  hrM  Hill  he  enormously  enhanced 
when  artificial  breeding  hcrooie*  pi  art*  a  hie  Still 
another  result  mav  hr  ■nerrased  parasitic  and  n  .toral 
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predator  damage;  planted  oyster  beds  can  be  wiped 
out  by  cow-nose  rays,  oyster  drills  decimate  seed 
beds,  and  the  intensive  populations  in  planted  beds 
may  be  more  severely  parasitized  by  microparasites. 

The  capture  and  permanent  removal  of  large  quan¬ 
tities  of  any  of  these  species  is  in  itself  a  radical  in¬ 
terruption  of  biological  processes.  Under  undisturbed 
conditions,  each  animal  would  compete,  die,  be  con¬ 
sumed  and  digested,  pass  into  the  nutrient  sequence, 
and  continue  as  recycled  elements  and  compounds. 
The  only  net  losses  to  the  system  would  come  from 
flushing  and  sedimentation.  When  we  extract  large 
chunks  of  organized  organic  materials,  it  seems  likely 
that  the  total  production  of  the  prey  species  is  prob¬ 
ably  increased  because  the  removal  of  some  organ¬ 
isms  provides  space  and  food  for  their  competitors; 
a  substantial  quantity  of  organic  material  leaves  the 
estuary,  at  least  temporarily,  although  much  may  re¬ 
turn  as  sewage  and  industrial  waste;  species  com- 
|K-tmg  with  the  prey  sjiecirs  are  favored;  and  a  broad 
s|iectruni  of  modifications  affects  the  unused  species, 
including  those  that  feed  the  species  directly  captured, 
its  |iarasites,  natural  predators,  and  the  rest  of  the 
ecosystem. 

Far  too  little  attention  has  been  directed  to  research 
on  these  effects  of  human  activity  in  the  estuary. 
Many  of  the  possibilities  have  not  been  tested.  The 
s|icvulativr  comments  here  are  only  indication  -  of  the 
actions  and  reactions  that  are  modified,  and  suggest 
somr  challenging  avenues  for  future  investigation. 

.Artificial  Introduction  of  Species 

Kach  species  attains  a  di’tribution  which  balances 
its  needs  and  its  environf-nt.  Distributions  normally 
cltange  slowly,  accompanied  by  constant  adjustments 
in  that  halancc.  Man.  however,  has  often  violcntly 
disrupted  this  leisurely  pattern  by  traisplanting  spe¬ 
cies  to  new  areas.  This  itas  sometimes  been  done  in¬ 
tentionally  in  estuaries  to  increase  or  improve  yields 
of  food,  anti  it  has  often  been  done  inadvertently, 
earning  species  along  with  transplants,  on  ship  hulls, 
or  by  carelessness. 

<  .reat  benefit  is  possible  from  introductions.  The 
oister  fishery  on  the  wc-sl  coast  of  North  America 
dc|>rods  primarily  on  seed  transplanted  each  year 
irotn  Japan.  Four  hundred  thirty-five  striped  bass 
i  UC^-KI  i  and  15  thousand  white  shad  fry  (18711 
were  carried  labornaisly  from  the  Fast  ('<  ast  to  the 
Wm  t'uiit.  !»*th  arc  widely  established.  » >lh  sub¬ 
stantial  hrnefil*  and  n«>  known  damage  to  the  receiv¬ 
ing  waters. 

On  the  other  udr  of  the  economic  balance  are  the 
parasites  predators,  and  competitors  of  species  which 
have  food  value  Thr  Portugese  oyster.  Cryffiea 
<  (  rsoojlrra  i  amputate,  was  introduced  to  the  coast 
of  France,  where  it  gradually  drove  out  some  of  the 
superior  itttrta  ednlu  itialtsoff.  1946 1  The  vora¬ 
cious  screw  borer.  (  rosnipias  (inert*,  one  of  the 
worst  of  the  oyster  drills,  was  accidentally  carried 
into  English  waters  with  American  oyuerv  and  is  a 
*rriau»  ami  eVtensivr  predator  •  Korringa.  |952i 


U  ratal  pinx  has  also  been  taken  to  the  I'uget  Sound 
area,  where  it  joined  another  immigrant,  Trilonalia 
japonica,  an  oriental  species  which  is  considered  to 
be  the  most  destructive  drill  of  the  area  (Korringa. 
1952).  The  extensive  transplantations  of  oyster  stocks 
among  waters  of  the  Atlantic  and  Gulf  Coasts  have 
been  suggested  as  suspected  mechanisms  for  introduc¬ 
ing  to  new  area.*  the  fungus,  DermocysiuHum  mari- 
n mm,  the  microparasite  called  MSX,  and  other  para¬ 
sites.  Oyster  competitors  have  been  observed  to  create 
serious  problems  in  new  waters.  A  mud  worm,  Poly- 
dor  a  cUiata.  was  introduced  into  Austialia  about  1870 
(Nelson.  1946).  It  changed  the  industry,  forcing 
oyster  culture  off  the  bottoms  and  onto  stakes  or 
stone  slabs.  A  small  slipper  limpet,  CrepiduU  fomi- 
cata,  was  taken  to  Furope  from  America.  It  grows 
to  giant  size  there  and  has  spread  over  many  areas, 
especially  in  Holland  and  England  (Korringa,  1952). 
It  increased  so  vigorously  that  it  actually  threatened 
to  replace  the  Dutch  oyster.  Korringa  believes  that 
it  it  a  space  competitor,  harbors  a  serious  shell  dis¬ 
ease  as  it  decays,  and  destroys  great  numbers  of 
oyster  larvae. 

The  barnacle,  Elminins  modestns,  accidentally 
brought  from  the  Southern  Hemisphere  to  Fingtand 
(Korringa,  1952),  competes  vigorously  with  oyster 
larvae  for  setting  space  and  probably  destroys  lar¬ 
vae.  As  reported  earlier,  DDT  applications  appear 
to  be  useful  in  its  control.  The  shell  of  an  oyster 
provides  a  habitat  for  a  remarkable  variety  of  pro¬ 
tozoans.  algae,  sponges,  worms,  coelenterates,  bryo- 
zoans,  snails,  and  the  eggs  and  spores  of  other  species. 
It  is  possible  that  the  transplantation  of  oysters,  oys¬ 
ter  shells,  and  seed  has  modified  the  distribution  of 
more  aquatic  species  than  any  other  human  activity. 

The  drama  and  problems  associated  with  artificial 
introductions  in  rstuaries  are  *sot.  however,  limited 
t"  invertebrates.  Like  the  starting  and  the  English 
sparrow-  on  land.  carp,  goldfish  ( Larassms  am rains). 
the  walleye  or  yellow  pike  perch  ( Stixostedion  vit- 
ren m>.  catfish,  and  others  have  entered  the  Middle 
Atlantic  area  and  other  waters  ( Mansurti,  1961). 
The  effects  are  not  yet  measured,  hot  the  carp  and 
goldfish  are  rrganled  with  serious  cun*.  — n 

Water  chestnut.  Trap*  » atoms,  was  imported  into 
the  United  States  as  a  handsutnr  ornamental  plant. 
Accidental  release  near  Washington,  D.  C.  produced, 
within  ten  years,  beds  covering  10.000  acres  ( Rawls. 
1964i.  It  bloc  Ini  navigation,  provided  a  breeding 
site  for  nw  squitors,  and  produced  drvdish  "caltrops” 
or  hard-sptnrd  seed  cases.  Expensive  mowing,  hand¬ 
picking  usl  chemical  treatment  have  reduced  it  to  a 
cent  rolled  threat. 

Eurasian  watrrmtlfod,  il yritphyilnm  spvatnm.  it 
widely  tb’frtbutrd  m  Europe.  Asia,  and  Africa,  where 
it  is  a  mudrst  member  of  the  flora  In  OasspaL 
Ray.  however,  it  has  recently  became  a  serious  menace 
to  many  interests,  blocking  navigation,  prevent atg 
boating  and  swimtnmg.  interfering  with  lea  food  har¬ 
vesting.  increasing  si  Italian.  and  enrottragmg  two*- 
quitors  It  thrive*  nn  a  w»dr  salinity  rang?  (nan 
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0  %  to  IS  %»,  End  can  tolerate  20  %»,  reproduces 
effectively  by  fragmentation,  and  survives  in  all  depths 
leas  than  about  9  feet  At  least  100  thousand  acres  are 
infested,  and  new  tributaries  are  invaded  each  year. 
Control  has  been  effective  on  an  expensive  local 
basis,  applying  2,4-D  in  clay  pellets.  This,  in  turn, 
opens  serious  questions  about  the  dangers  of  the  con¬ 
trol  method.  Beaven  el  ol.  (1962)  showed  that 
standard  applications  have  no  acute  effects  on  clams, 
crabs,  oysters,  or  some  fish,  but  the  possibilities  of 
chronic  effects,  residues,  accumulation,  and  human 
intake  are  not  yet  resolved.  Perhaps  all  this  un¬ 
finished  story  bejpn  with  the  emptying  of  a  fish  bowl 
containing  this  attractive  plant. 

These  varied  instances  of  introduction  without  com¬ 
prehension  of  natural  controls  and  without  effective 
restraint  convey  their  own  point.  One  need  only  add 
that  each  is  likely  to  be  ar.  irreversible  act.  with 
permanent  effects. 

ACTIVITIES  IN  THE  OCEAN 

The  sea  is  still  beyond  man's  control,  and  the 
strenuous  efforts  he  makes  to  change  his  terrestrial 
environment  still  seem  puny  in  comparison  with  oce¬ 
anic  forces.  He  can,  however,  successfully  block  the 
sea  from  its  tributary  bays,  with  results  that  are 
important  to  the  estuary. 

Pritchard  and  many  others  have  stressed  the  power 
and  importance  of  tidal  currents,  which  provide  the 
energy  for  horuontal  translation  and  for  mixing 
throughout  the  estuary.  He  showed  in  1955,  for  in¬ 
stance.  'hat  increased  tidal  velocity  tends  to  convert 
a  stratified  estuary  to  vertical  homogeneity.  When 
ocean  barriers  arc  constructed  or  removed,  the  change 
will  hare  far  greater  importance  than  merely  reduc¬ 
ing  or  encouraging  the  intrusion  of  salt  ami  of  marine 
species.  R ether  ft  at.  t  1958  >,  in  considering  tlic  algal 
problem  in  Great  South  Bay  and  Moriches  Bay.  at¬ 
tributed  improvement  in  the  entire  area  to  the  re- 
openmg  of  Moriches  Inlet  to  restore  effective  ex¬ 
change  with  the  sea. 

Hundreds,  perhaps  thousands,  of  cuastal  inlets  and 
harbors  have  been  modified  by  engineering  efforts  to 
stalnlite.  improve,  or  protect  them  for  various  human 
endeavors.  Groins  breakwaters,  channel  dre 'ging, 
talk  heading,  and  filling  all  change  the  natural  pat¬ 
terns  ami  processes.  Each  inlet  is  a  specific  ami  local 
ease,  and  the  vuncet*  that  engineering  changes  shout,’ 
always  be  preceded  by  thorough  consideration  of  alt 
the  phy  sical.  chemical,  and  tuohigical  results  to  be 
effected  should  be  encouraged.  This  has  not  been  the 
usual  sesjuence.  and  most  inlet  engineering  appears 
to  have  hern  singlr  purpose  modification.  Improved 
comprehension  ot  (he  total  effects  of  altering  relations 
between  ocean  and  estuary  is  drsirabte  and  will  he 
mcrea.mgly  valuable 

Snipoetaut  sprrial  problems  appear  when  nearshore 
urcan  waters  are  used  *oe  waste  disposal.  Wastes  can 
h*  translocated  into  the  estuaries  by  such  nverh  isms 
as  ’he  regular  migrations  of  anadromou*  fish  jM  the 


great  inflow  of  oceanic  water  with  tidal  currents. 
Ketchum,  in  an  unpublished  paper,  reviewed  pertinent 
data  for  one  area,  the  mouth  of  Delaware  Bay.  He 
concluded  that  discharge  would  be  undesirable  at  any 
site  within  five  miles  of  the  coast,  but  showed  the 
great  variation  in  waste-receiving  capacity  at  differ¬ 
ent  locations.  Further,  he  stressed  the  necessity  for 
specific  on-site  studies  prior  to  selection  of  waste 
sites.  Pritchard  ( 1960)  effectively  outlined  the  steps 
necessary  in  evaluating  sites  for  disposing  of  radio¬ 
active  wastes.  He  also  stressed  that  this  inshore 
environment  comes  into  more  intimate  contact  with 
man  than  any  other  marine  waters.  Therefore,  it  is 
most  likely  to  receive  wastes  and,  simultaneously, 
most  in  need  of  protection  from  excess  wastes.  He 
discussed  many  of  the  factors  which  influence  the 
fate  of  these  wastes.  As  understanding  of  estuarine 
processes  grows,  the  probabilities  of  irreparable  and 
massive  damage  from  ignorance  in  waste  disposal 
sliould  decline. 

ON  THE  RESILIENCY  OF  ESTUARIES 

The  reading  necessary  for  the  preparation  of  this 
review  has  deepened  and  clarified  my  personal  con¬ 
cern  with  the  future  welfare  of  estuaries.  It  is  clear 
that  many  destructive  forces  are  being  applied  widely, 
that  pressures  are  increasing  at  a  very  rapid  rate,  but 
that  intelligent  planning  and  control  of  estuarine 
changes  are  rare.  Kundaimntal  ami  practical  under¬ 
standing  of  estuaries  is  now  incirasing  at  an  im¬ 
pressive  rate,  but  this  growth  appears  to  be  danger¬ 
ously  slow  in  ctaii|iarison  with  the  increase  in  disrup¬ 
tion  of  estuarine  sy  stems. 

Several  of  the  characteristic  physical,  chemical,  ami 
biological  features  of  the  estuary  provide  an  interest¬ 
ing  and  valuable  resistance  to  change.  Scar*  often 
heal  quickly.  The  factors  aiding  resiliency  have  not 
yet  been  adequately  investigated,  but  several  illustra¬ 
tive  ami  stimulating  examples  are  known : 

1.  The  vigor  of  the  rhythmic  ami  turbulent  circula¬ 
tion  pattern  continuously  ami  endogcmwidy  renews 
the  supply  of  water,  food,  larvae,  ami  other  essential 
elements  to  any  small  damagtd  area.  Thi*  aids  m  re 
covers  ami  protects  long-term  net  stability  patterns 

1.  The  substantial  buffering  capacity  of  estuaries, 
usually  operating  through  the  carbonate  system,  is 
another  dement  which  resist*  change*  imposed  on 
estuaries  It  ■*  not  so  great  a*  the  buffering  capacity 
•  '  the  «t«eti  ocean,  but  it  i»  greater  than  most  rivers, 
and  is  enormously  important  in  the  estuaries  where 
I'ollutian  i»  received 

)  Hxogrnviu*  renewal  iv  also  normally  continuous, 
because  estuaries  receive  continuous  input  Irani  rivers 
and  from  the  ocean.  Since  the  river  sourced  and 
**ean  sourced  populations  are  substantial  components 
oi  the  estuarine  faemm.  the  addition  ol  organism* 
frrra  these  source*  is  important  in  normal  estuarine 
•eqocnrr*  and  in  recovery  from  damaging  or  toxic 
change 

4  Mam  species  have  btoiogiral  characteristic* 
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which  provide  special  advantages  in  estuarine  sur¬ 
vival,  These  characteristics  usually  protect  the  spe¬ 
cies  against  the  natural  violence  of  estuaries,  and  they 
are  often  helpful  in  resisting  ext?mal  forces,  like 
man. 

Additional  examples  of  contributors  to  estuarine 
resiliency  include  the  oyster,  the  blue  crab  and  the 
striped  bass.  The  oyster,  for  instance.  ha«  been  cited 
by  ( ialtsoff  (I960)  for  great  tolerance  to  temperature 
(0*  C.  to  about  35*  C. ),  salinity  (about  5  SL  to 
35  3f«).  and  for  its  remarkable  ability  to  hermetically 
seal  the  valves  of  its  shell  to  isolate  the  animal  from 
unfavorable  conditions  for  as  long  as  three  weeks. 
Nelson  <  1938)  described  the  oyster's  complex  and 
effective  mechanisms  for  dealing  with  the  high  silt 
content  of  coa«tal  waters.  The  blue  crab  uses  the  net 
u|istream  llow  of  deep  waters  in  estuaries  to  provide 
annual  redistnliution  of  juveniles  to  all  the  tributaries 
and  upstream  areas  of  the  Chesapeake  Ray.  Mansueti 
i  1961 )  stressed  the  remarkable  resiliency  of  the 
strifKd  bass  in  surviving  the  increased  pressures  and 
damages  in  the  Chesapeake  system.  He  suggested 
that  the  specific  gravity  of  the  eggs  of  this  species 
may  br  crucially  inifiortant  to  survival,  since  the 
semi-buoyant  eggs  released  in  nearly  fresh  water  are 
buoyed  by  turbulence  as  the  embryos  develop,  and 
protected  from  silt  smothering.  When  the  larvae 
emerge,  they  have  been  carried  downstream  by  net 
surface  flow  to  waters  of  higher  salinity,  past  the 
rone  of  nur.in.um  turbidity,  so  that  they  can  feed.  A 
last  example  can  be  'I 'awn  from  the  copepod  popu¬ 
lations  of  estuaries.  The  mechanisms  which  permit 
maintenance  of  large  planktonic  populations  in  these 
turbulent  ami  flushed  systems  are  not  yet  fully  under¬ 
stood  I >ut  appear  to  lie  complex  and  effective.  They 
may  include  vertical  migrations  (which  could  move 
populations  downstream  at  night  and  upstream  by 
ilay  i.  reservoirs  in  marginal  areas,  and  other  attri¬ 
butes  or  fiattems  of  individual  or  population  behavior 
i  Rogers.  ,rM0;  I  louse  held.  1955:  Harlow.  1955: 
Cronin  «■/  u/.,  i  1. 

These  resilient  forces,  and  the  others  which  cer¬ 
tainly  exist,  are  welcome  allies  in  the  efforts  to 
achirsc  optimal  balance  between  man's  effects  on 
estuaries  and  their  capacities. 

T1IK  IT  Tl’RK  KOLK  OF  MAN 

Man's  pa.t  effects  on  estuaries  ha»c  been  poorly 
and  incompletely  planned,  unimaginative,  and  fre¬ 
quently  ilestrurtisc  In  \ tew  of  the  many  important 
U«es  srrsed  by  these  waters,  ami  the  sire  of  the  grow  - 
mg  pressures  on  them,  it  is  tmpcralixc  that  a  new 
major  human  force  be  utilized  in  the  future — the 
furrr  of  intelligent  management  It  will  require  ap¬ 
plication  ut  mans  kind*  of  tool*  and  techniques  rang¬ 
ing  trom  original  fundamental  oceanographic  re¬ 
search  to  regulators  changes  and  public  education. 
The  s  nidi  can  be  great  indeed.  Sense  of  the  ap¬ 
proaches  nece-iars  foe  intelligent  management  are 
now  apparent,  ami  it  t*  js'rhaps  tinsels  to  summarize 
them  ami  the  achievement  which  rmtid  hr  gained 


T he  Tools  foe  Management 
Research 

This  review  has  illuminated  the  need  for  basic  re¬ 
search  at  every  possible  level  to  identify  the  signifi¬ 
cant  estuarine  processes,  quantify  relationships,  and 
resolve  many  complexities  to  predictable  patterns. 
Dev  itr  the  visible  and  valuable  increase  in  attention 
to  ti.e  estuaries  in  recent  years,  most  of  the  con¬ 
trolling  parameters  are  yet  incompletely  and  inade¬ 
quately  comprehended. 

Among  the  physical  processes,  only  gross  estimates 
can  be  provided  for  the  patterns  of  flushing,  circula¬ 
tion,  vertical  mixing,  and  diffusion,  and  for  such  spe¬ 
cific  factors  as  light  absorption,  sedimentation  rates, 
and  location,  current  direction  and  velocity,  and  salt 
distribution.  The  valuable  contributions  of  Ketchum, 
Pritchard,  and  others  permit  some  of  these  estimates 
to  be  made  under  certain  highly  specific  or  broadly 
generalized  conditions,  but  each  new  estuary  observed 
is  still  likely  to  require  an  extensive  descriptive  sur¬ 
vey.  trial-aud-error  fitting  of  computed  relationships, 
and  a  relatively  long  period  of  correction  by  well- 
designed  local  observation  leforr  useful  precise  pre¬ 
dictions  can  be  made.  Field  studies  of  interesting 
phenomena,  increased  use  and  refinement  of  physical 
and  mathematical  models,  and  controlled  laUiratory 
studies  are  all  urgently  needed. 

Similar  urgency  exists  for  growth  in  chemical  ami 
geological  comprehensions.  The  fate  of  the  most 
abundant  natural  terrigenous  dements  and  compounds 
is  partly  known  but  the  chemical  sequences  involving 
rarer  materials  are  almost  untouched.  Others  have 
reviewed,  with  greater  detail  and  higher  competence, 
the  present  state  of  chemical  knowledge  of  estuaries, 
but  it  is  relevant  here  to  point  out  that  such  knowl¬ 
edge  appears  to  he  cumplrtdy  insufficient  for  under¬ 
standing  and  intdligmt  judgment  of  many  present  and 
prohahie  human  activities  with  chemical  implications 
These  include  the  introduction  of  vast  quantities  of 
complex  industrial  chemical  mixtures,  the  rdease  of 
stored  materials  from  bottom  sediments  by  dredging, 
the  pouring  of  sewage  chemicals  into  the  system,  ami 
■tlser  violent  modifications.  As  usual,  practical  reso¬ 
lution  of  the  problems  involved  will  he  almost  t> walls- 
dependent  on  fundamental  o  prdiension. 

The  insnfticiency  of  presret  l-.g-ra!  knowleilgr  m 
estuaries  is  equally  evident  Indeed,  it  is  rather  shock¬ 
ing.  since  the  areas  have  been  so  heavily  utilized  for 
for  a  I  production  for  centuries.  The  ov>>  *i,  tor  ex¬ 
amine,  is  considered  to  he  the  most  studied  of  iriserte 
brat*  animals,  and  yet  there  are  important  unanswered 
questions  an  nutrition,  genetics,  genetal  phy swings, 
reproduction,  ami  even  ihe  morphology  of  the  group 
Similar  ami  greater  ignorance  exists  about  all  other 
estuarine  species.  Principal  attentiiwi  has  always  hren 
incused  on  the  relative!*  smalt  number*  of  economi¬ 
cally  useful  specie*.  and  there  is  urgent  nenl  for  more 
knowledge  of  phytoplankton.  tvmt*Unktoo.  a  wide 
sariety  of  benthic  organism*  and  the  Urge  array  of 
vertebrates  and  invertebrate*  which  are  part  of  the 
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dynamic  estuarine  biota,  but  which  are  not  consumed, 
sold,  or  otherwise  directly  exploited  by  humans.  In¬ 
terrelationships  between  and  among  species  must  be 
illuminated,  the  interplay  between  organisms  and  the 
estuarine  environment  is  but  vaguely  known,  and  full 
understanding  of  estuarine  biology  lies  many  years 
of  research  ahead. 

Only  passing  and  superficial  attention  can  be  given 
here  to  other  research  needs  which  appear  to  exist 
in  the  field  of  economics  and  social  and  political  sci¬ 
ence.  Intelligent  management  of  estuaries  will  re¬ 
quire  a  valid  estimation  of  the  economic  results  of 
various  alternate  routes  of  action,  and  will  require 
modification  of  existing  patterns  of  human  activity. 
Perhaps  research  is  not  the  necessary  addition  which 
will  make  this  feasible,  but  there  do  appear  to  be 
major  unanswered  problems.  Evaluation  of  recre¬ 
ational  use  has  been  notoriously  difficult,  especially 
in  the  non-consumptive  fields  like  beauty,  cleanliness, 
and  personal  refreshment.  In  social  and  political 
areas,  the  total  effects  of  modifying  the  strongly  in¬ 
dependent  behavior  of  fishermen,  for  instance,  appear 
to  tie  complex  and  difficult  to  comprehend. 

Public  agencies  carry  almost  all  the  cost  of  estu¬ 
arine  research,  since  the  public  interests  are  so  large 
and  diverse.  This  is  totally  appropriate  for  basic 
research  on  the  processes  and  principles  of  estuarine 
phenomena,  and  equally  fitting  for  uses  which  directly 
serve  public  fisheries,  waste  disposal,  recreation,  and 
similar  interests.  There  is,  however,  another  poten¬ 
tial  and  proper  source  for  the  substantial  supporting 
funds  required.  When  use  of  the  estuaries  for  fi¬ 
nancial  profit  is  desired,  the  cost  of  research  on  the 
effect  of  use  should  often  be  placed  where  the  profit 
will  be  realized.  An  industry  which  proposes  to  save 
the  cost  of  alternative  methods  of  waste  disposal  by 
placing  waste  into  an  estuary  (or  other  public  hold¬ 
ing)  should  pay  the  costs  of  research  necessary  for 
evaluation  of  the  proposal.  Under  many  circum¬ 
stances,  these  funds  might  lie  supplemented  by  public 
funds,  since  (lie  findings  will  be  useful  in  other  prob¬ 
lems  of  interest  to  the  public.  Many  examples  exist 
of  such  research  support,  without  control,  by  the 
using  industries,  but  the  policy  of  increased  assign¬ 
ment  of  research  costs  to  the  piofit  maker  appears  to 
lie  equitable  and  to  be  necessary  as  a  source  of  needed 
funds. 

Pragmatic  Experiments 

Direct  practical  experiments  in  management,  in 
which  gross  and  relatively  uncomprehending  efforts 
are  made  to  achieve  identified  objectives,  appear  to 
offer  substantial  and  valuable  assistance  toward  the 
intelligent  management  of  estuaries.  These  are  usu¬ 
ally  far  less  desirable  and  effective  than  efforts  which 
can  lie  properly  based  upon  adequate  understanding 
of  the  principles  involved,  but  several  special  circum¬ 
stances  argue  for  serious  consideration  and  use  of 
some  pragmatic  studies. 

The  pressures  on  estuaries  are  so  great  now  and 
the  threats  are  so  urgent  that  there  is  not  always 


time  to  develop  comprehension.  The  rate  of  increase 
in  use  is  so  much  grearer  than  the  rate  of  increase  in 
knowledge  that  shortcuts  are  sometimes  fully  justified. 
The  alternative  appears  to  be  destruction  of  many 
areas  while  we  await  the  results  of  lengthy  and  com¬ 
plex  research. 

When  a  substantial  change  in  an  estuary  cannot  In- 
deferred  ( usually  because  the  opposing  arguments  are 
excessively  weak  in  data  and  evidence),  it  can  often 
be  turned  to  constructive  use  in  terms  of  improved 
understanding.  Every  possible  effort  should  be  made 
to  capitalize  on  these  forced  but  usable  opportunities. 
Suggestions  for  research  expenditures  often  face  re¬ 
sistance,  especially  on  a  project  regarded  as  a  fait 
accompli,  but  adequate  and  competent  study  before 
and  after  a  change  can  be  valuable.  No  normal  re¬ 
search  budget  can  afford  the  cost  of  enormous  diver¬ 
sion,  or  pollutant  release,  or  engineering  change,  or 
thermal  addition,  or  wide-scale  pesticide  application, 
which  political  decisions  may  require.  Thorough  pre- 
and  post-treatment  study,  based  on  statistically  sound 
sampling  techniques,  and  paired  when  possible  with 
another  untreated  estuary,  can  be  of  great  value.  It 
is  essential  that  these  studies  meet  several  criteria, 
however.  The  pre-study  and  post-study  periods  must 
be  long  enough  to  distinguish  the  effects  of  change 
from  normal  (ar.d  often  great)  variations.  Skilled 
professional  guidance  must  be  provided  and  not  en¬ 
trusted  to  inexperienced  staffs.  Interpretations  must 
be  based  on  objective  criteria,  free  front  adverse 
political  pressures. 

Under  such  circumstances,  valuable  knowledge  can 
often  be  obtained. 

Administration 

The  operating  control  of  the  modification  of  estu¬ 
aries  is  dispersed  among  state  and  federal  legislative 
bodies,  executive  agencies,  and  the  public  will.  The 
mechanisms  and  experience  of  the  groups  cannot  Ite 
discussed  litre,  but  recent  vivid  examples  are  interest¬ 
ing  and  may  be  stimulating. 

In  Massachusetts,  recent  state  legislation  requires 
review  and  prior  approval  of  all  proposed  modifica¬ 
tions  of  marshland,  shores,  and  coastal  lands.  This 
law  overrides  the  privileges  of  private  ownership,  in 
recognition  of  the  effects  of  such  modifications  on  the 
public  interest.  Other  states,  towns,  and  small  govern¬ 
mental  bodies  arc  essaying  similar  careful  manage¬ 
ment. 

Maryland  established  a  committee  of  its  Board  of 
Natural  Resources  to  consider  the  problem  of  dis¬ 
posing  of  the  large  quantities  of  sediment  removed 
in  channel  creation,  improvement,  and  maintenance. 
The  Board  lias  approved  and  effectuated  a  change  in 
policy  from  simple  dumping  in  deep  water  to  creation 
of  useful  diked  land  whenever  feasible.  Sometimes 
expensive  and  destructive  waste  can  he  converted  into 
constructive,  and  even  profitable,  real  estate. 

At  the  federal  level,  mention  has  already  been 
made  of  the  legal  requirement  that  the  Branch  of 
River  Basin  Studies  of  the  U.S.  Department  of  the 
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Interior  must  review  and  comment  on  proposed  fed¬ 
eral  projects  which  would  affect  fish  and  wildlife  re¬ 
sources.  This  includes  estuaries,  but  review  and  com¬ 
ment  is  not  a  substitute  for  proper  review  and  con¬ 
trol — which  would  include  study  of  all  the  effects  of 
such  projects. 

Many  other  governments  have  initiated  similar 
efforts  to  control  and  to  manage  rationally  the  violent 
changes  which  are  occurring.  Local  conditions  are 
as  varied  as  the  estuaries  themselves,  but  examples 
of  good  management  do  exist,  and  they  merit  con¬ 
sideration  and  emulation. 

The  Yield 

The  benefits  which  may  lie  derived  from  proper 
management  of  coastal  areas  arc  great  enough  to 
merit  the  costs.  The  gains  appear  to  include : 

1.  Substantial  growth  in  basic  knowledge  of  many 
significant  physical,  chemical,  geological,  and  biologi¬ 
cal  processes  as  the  result  of  the  major  research 
efforts  essential  for  such  management.  Paralleling 
this  would  be  an  important  increase  in  the  training 
of  competent  scientists  in  these  fields. 

2.  Vast  improvement  in  the  ability  to  predict  the 
effects  of  important  proposed  engineering  or  manage¬ 
ment  changes.  Such  predictions  could  be  made  in 
terms  of  organic  production,  dollar  value,  and  other 
criteria. 

3.  Development  of  rational  and  balanced  objectives, 
based  upon  the  real  capacities  and  limitations  of 
various  estuarine  systems.  The  possible  alternatives 
would  be  comprehended  and  choices  would  be  made 
ior  good  reasons.  As  an  interesting  example  of  con¬ 
flict,  Rounsefell  (1963)  wishes  to  make  maximum  use 
of  the  high  potentials  of  estuaries  as  nursery  areas 
for  commercially  useful  fish,  and  takes  rather  violent 
exception  to  suggestions  by  H.  T.  Odum  and  Wilson 
(1962)  of  techniques  which  would  maximize  photo¬ 
synthetic  production  in  estuaries.  In  this  case  and 
others,  there  may  be  genuine  conflicts  of  interest. 
However,  it  seems  more  pertinent  tc  emphasize  that 
we  do  not  now  understand  enough  about  the  ultimate 
results  of  photosynthetic  increase  or  about  how  to 
single  out  and  achieve  the  optimal  balance  in  use  of 
the  factors  which  determine  fish  density. 

4.  The  greatest  benefits  to  lie  gained  lie  in  achiev¬ 
ing  positive  and  ultimate  uses  of  estuaries  as  replace¬ 
ment  for  negative  resistance  to  change,  temporizing 
half-measures,  and  short-term  patchwork  in  manage¬ 
ment.  Balance  bv  informed  decision  could  be  reached 
among  uses  of  estuaries  for  food  production,  waste 
disposal,  recreation,  navigation,  esthetic  enjoyment, 
and  research.  Without  any  assumption  of  unerring 
wisdom,  there  is  hope  for  remarkable  improvement  in 
long-term  use  of  these  areas. 

On  Positive  Thinking 

Much  of  this  review  has  described  the  destruc¬ 
tive  or  at  least  uncomprehende ,,  estuarine  changes 
through  man’s  efforts.  However,  the  cited  literature 
also  contains  suggestion-  for  the  positive  and  profit¬ 


able  manipulation  of  rivers,  bays,  marshes,  and  other 
coastal  areas.  Some  of  these  proposals  are  well  sup¬ 
ported  by  experiments  or  field  evidence,  and  others 
will  require  rigorous  investigation  prior  to  accep¬ 
tance  and  improvement.  The  following  suggestions 
do  not  by  any  means  exhaust  these  ideas,  but  they 
indicate  the  directions  and  vitality  of  some  of  the 
recognized  possibilities. 

Chemical  additions  c  mid  protect  or  enrich  estu¬ 
aries,  if  they  were  used  intelligently  to  offset  un¬ 
desirable  conditions  or  to  supplement  limiting  ele¬ 
ments.  Hynes  (1960;  has  pointed  out  that  the  most 
outstanding  problem  in  disposing  of  sewage  is  the 
appalling  waste  of  nutrients.  Brehmer  (1964)  noted 
that  the  District  of  Columbia  area  spends  $2.1  mil¬ 
lion  annually  in  the  unmanaged  release  of  $3.2  mil¬ 
lion  worth  of  fertilizing  materials.  Constructive  tech¬ 
niques  are  not  fully  developed,  but  Fpyn  (1959),  for 
instance,  has  learned  to  remove  phosphorous  from 
wastes  entering  the  Oslo  Fjord  by  electrolytic  precipi¬ 
tation.  E.  P.  Odum  (1961a)  pointed  out  six  ways 
by  which  phytoplankton  blooms  might  be  controlled. 
No  problem  here  is  likely  to  be  beyond  the  capacity 
of  industrial  ingenuity,  if  economic  incentives  become 
sufficiently  high.  An  interesting  example  may  be 
provided  in  the  case  of  the  detergents.  Widespread 
public  reaction  against  visible  suds  and  reported  de¬ 
tergent  residues  in  natural  waters  produced  serious 
possibilities  of  strict  prohibitive  legislation  and  regu¬ 
lations.  Pertinent  industries  have  made  massive  in¬ 
vestment  in  the  discovery  and  development  of  “bio¬ 
degradable”  and  other  degradable  cleansing  com¬ 
pounds,  and  now  promise  that  the  problem  will  be 
effectively  solved.  If  the  competitive  interest  of  such 
industrial  giants  can  be  focused  on  other  estuarine 
problems,  magnificent  achievements  may  result. 

Thermal  additions  might  be  constructively  used. 
Spawning  of  all  species  and  photosynthetic  produc¬ 
tion  are  controlled  by  temperature,  and  offer  tan¬ 
talizing  opportunities  for  management.  Huntsman 
(1950)  suggested  the  use  of  warmed  water  in  con¬ 
trolling  the  movement  of  fish  to  concentrate  popula¬ 
tions,  or  for  other  purposes.  The  present  increase  in 
attention  to  research  on  many  thermal  effects  should 
suggest  some  desirable  possibilities.  Imaginative  engi¬ 
neering  and  improved  biological  understanding  might 
be  fruitful  partners  in  achieving  useful  hot  spots. 

Improved  races  and  species  can  be  selected  and  in¬ 
troduced.  Galtsoff  (1956)  has  pointed  out  some  of 
the  variation  that  exists  among  races  of  oysters  and 
the  possibility  of  selection  for  desirable  characteris¬ 
tics  under  intensive  cultivation.  Provenance  research 
has  been  so  widely  successful  in  forestry  and  agricul¬ 
ture  that  its  potentials  are  beyond  question.  The  suc¬ 
cessful  introduction  of  new  species  presents  greater 
difficulties  and  requires  very  thorough  preparation 
and,  perhaps,  a  share  of  good  luck.  Korringa  (1952) 
has,  however,  pointed  out  that  success  might  some¬ 
times  be  encouraged  and  accelerated  by  simultaneous 
importation  of  natural  control  mechanisms.  The  lit¬ 
erature  contains  many  records  of  introduction,  with 
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both  successes  and  failures,  available  to  guide  future 
efforts,  A  peculiar  blending  of  conservative  concern 
and  imaginative  daring  may  be  necessary  in  improv¬ 
ing  upon  present  races  and  species. 

Management — the  intentional  modification  of  the 
factors  determining  production  by  a  species — can  be 
carried  to  higher  levels  than  have  yet  been  achieved 
in  estuaries.  Maximum  culture  of  oysters,  clams, 
and  other  usable  herbivores  may  offer  the  greatest 
potentials,  since  they  are  nutritionally  supported  near 
the  broad  base  of  the  food  chains.  For  instance,  Glude 
(1951)  outlined  the  sequence  of  seed  production, 
predator  control,  mortality  prevention,  fattening,  and 
controlled  harvest  which  might  increase  oyster  pro¬ 
duction  substantially.  Similar  concepts  of  population 
comprehension  and  management  should  eventually  be 
possible,  not  only  for  the  species  of  fish  and  shellfish 
directly  utilized,  but  also  for  the  supporting  zooplank¬ 
ton  species,  phytoplankton,  and  all  the  necessary  parts 
of  the  complex  biota  of  estuaries. 

The  gross  ecology  of  the  estuary  can  be  manipu¬ 
lated  to  advantage.  Present  and  probable  engineering 
capacities  are  so  great  as  to  require  new  thinking 
about  potential  use  of  these  capacities  as  well  as  the 
more  usual  effort  to  resist  their  application.  It  may, 
in  some  circumstances,  be  found  desirable  to  store 
and  release  river  water;  divert  huge  volumes;  radi¬ 
cally  alter  channels,  currents,  and  tides;  or  in  other 
ways  introduce  major  alterations.  Those  who  oppose 
such  suggestions  are  often  expressing  fear  of  the 
unpredictable  consequences,  and  might  alter  their 
position  if  sufficient  knowledge  existed  to  permit  ac¬ 
curate  prediction  and  evaluation  of  all  the  results. 

RECOMMENDATIONS 

1.  Every  level  of  estuarine  research  should  be  sup¬ 
ported  and  speeded  to  the  maximum  rate  consistent 
with  competence.  Basic  research  in  this  challenging, 
complex,  and  available  marine  environment  is  criti¬ 
cally  needed.  Applied  research  and  pragmatic  “ex¬ 
periments”  must  also  be  fully  utilized  to  prevent  the 
uses  and  abuses  from  destroying  these  areas.  The 
development  of  research  programs  should  be  aggres¬ 
sive  and  opportunistic. 

2.  The  full  force  of  intelligent  management  should 
be  brought  to  bear  in  man’s  role  in  estuarine  processes. 
Research,  public  education,  and  wise  management  are 
vital  to  the  optimal  future  use  of  estuaries,  with  ap- 
propriat  and  balanced  policies  and  practices  applied 
in  each  estuarine  system. 

3.  Selected  estuaries,  as  “typical”  as  possible,  should 
be  set  aside  in  the  public  interest  to  provide  undis¬ 
turbed  research  centers.  These  must  be  protected 
from  the  creeping  exploitation  that  has  eventually  de¬ 
stroyed  the  character  and  value  of  many  estuaries, 
and  reserved  for  esthetic  enjoyment,  for  comparison 
with  utilized  estuaries,  and  for  the  many  kinds  of 
research  which  would  yield  increased  comprehension 
without  damage  to  the  system  studied. 
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On  March  19, 1964,  the  U.  S.  Public  Health  Service 
and  the  State  of  Louisiana  jointly  announced  that 
water  pollution  involving  toxic  synthetic  organic 
chemicals  appeared  to  be  the  cause  of  massive  and 
continuing  fish  kills  in  the  Lower  Mississippi  drainage 
basin. 

Concentrations  of  endrin,  dieldrin,  and  two  un¬ 
identified  chlorinated  hydrocarbons  were  found  in  the 
blood  of  dead  and  dying  fish  from  the  Mississippi  and 
Atchafalaya  Rivers  and  estuarine  waters  in  Louisiana. 
The  concentrations  of  endrin,  alone,  found  in  these  fish 
represented  lethal  levels.  These  findings  bear  out  the 
earlier  contention  of  the  authors  that  water  degrada¬ 
tion  in  this  part  of  the  nation’s  largest  watershed  has 
been  a  reality  for  many  years. 

The  Louisiana  Wild  Life  and  Fisheries  Commis¬ 
sion’s  Eighth  Biennial  Report  ( 1958—1959)  records 
that.  "Foremost  among  kills  attributable  to  man-made 
causes  have  been  those  resulting  from  use  of  insecti¬ 
cides,  primarily  endrin,  for  control  of  cane  borers, 
and  heptachlor  for  control  of  fire  ant.  These  kills 
were  caused  by  direct  introduction  of  insecticides  into 
the  affected  water  bodies  during  careless  aerial  appli¬ 
cation,  and  by  insecticides  borne  by  surface  runoff 
from  rains  immediately  following  applications.  Hepta¬ 
chlor  has  caused  an  occasional  kill  in  the  area  affected 
by  the  fire  ant  control  program,  but  the  major  cause 
of  concern  has  been  the  widespread  use  of  endrin  for 
control  of  cane  borers  throughout  the  cane  growing 
area.  During  the  1958  growing  season  frequent  kills 
caused  by  endrin  were  reported,  but  during  the  1959 
growing  season  these  kills  reached  alarming  propor¬ 
tions.  with  complaints  being  received  by  the  Division 
of  Water  Pollution  Control  on  an  almost  daily  basis." 

Again  in  1961,  twenty-five  recorder!  fish  kills  (U.  S. 
Public  Health  Service,  1961),  the  severities  ranging 
from  "moderate”  to  “heavy",  were  blamed  on  the  care¬ 
less  application  of  endrin.  These  kills  occurred  in  the 
coastal  ami  near-coastal  sugarcane  areas  of  Louisiana. 

Attempts  by  the  authors  in  1959  to  obtain  passage 
of  state  regulations  controlling  the  use  of  pesticides 
were  thwarted  by  the  inability  of  the  Division’s  labo- 

1  Formerly  Ckief,  Oivittoo  of  Water  Foliation  Control,  LottiftUna 
Wild  life  and  KiaWriea  Commieeie*,  Baton  Roof*.  Loouiiu. 


ratories  to  detect  any  level  of  pesticide  in  dead  or 
dying  fish.  Needless  to  say,  endrin  was  not  detected 
in  dead  sugarcane  borers  (Diatraea  sac  char alis). 
Our  recommendations  for  pesticide  regulations  were 
based  on  the  judgment  that,  coincidental  with  the  ap¬ 
plication  of  endrin,  fish  were  dying  in  large  numbers, 
and  at  that  time  of  the  year  were  dying  only  in  or 
near  the  areas  of  application.  The  application  season 
for  cane  borer  control  occurs  in  June,  July,  and  Au¬ 
gust  of  each  year. 

In  November,  1960,  the  Louisiana  Division  of 
Water  Pollution  Control  called  on  the  U.  S.  Public 
Health  Service  and  the  U.  S.  Fish  and  Wildlife 
Service  for  assistance  in  solving  mysterious  fish  die¬ 
offs  in  both  the  Atchafalaya  and  Mississippi  Rivers 
in  Louisiana  and  in  the  estuarine  areas  of  the  Gulf 
influenced  by  these  two  rivers. 

Because  of  the  extensive  levee  systems,  neither  the 
Atchafalaya  nor  the  Mississippi  watersheds  receive 
significant  drainage  from  sugarcane-producing  areas 
in  Louisiana.  Especially  is  this  true  in  the  upstream 
areas  of  the  two  rivers  where  the  die-offs  had  been 
traced.  In  the  freshwater  areas  of  the  Atchafalaya 
and  the  Mississippi  Rivers,  catfish,  carp,  freshwater 
drum,  and  two  species  of  shad  were  being  killed.  In 
the  estuaries,  sjieckled  trout  and  other  marine  forms 
were  observed  to  be  affected. 

The  two  federal  agencies  reported  negative  results 
in  their  analyses  for  diseases,  parasites,  and  pesticides. 
The  Louisiana  Division  had  already  determined  that 
dissolved  oxygen,  pH,  water  temperature,  and  inor¬ 
ganic  salts  were  within  ranges  known  to  be  normal 
for  these  areas.  The  bacteriologist  for  the  Division 
prepared  cultures  utilizing  parts  of  the  affected  fish 
and  determined  that  "these  cultures  indicated  the 
presence  of  .4 eromonas  liquifaciens,  the  causative  or¬ 
ganism  for  abdominal  dropsy  in  fish”  (Ninth  Bien¬ 
nial  Report,  1960-1961). 

The  fish  kills  recurred  in  1961  and  1962  in  the  same 
areas  as  before,  but  to  a  lesser  degree.  A  seasonal 
pattern  was  established  when  it  was  observed  that  in 
three  successive  years  the  phenomenon  manifested 
itself  in  the  fall  and  winter  months  only. 

In  mid-November,  1963,  die-offs  of  freshwater  fish 
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in  the  lower  Mississippi  and  Atchafalaya  Rivers  and 
marine  fish  in  the  estuarine  areas  of  the  Gulf  fed  by 
the  Mississippi  River  had  attained  such  proportions 
that  Lafleur,  Division  Chief  of  the  Louisiana  Wild 
Life  and  Fisheries  Commission,  again  requested  as¬ 
sistance  from  the  Public  Health  Service  and  the  U.  S. 
Fish  and  Wildlife  Service.  This  time,  entire  schools  of 
menhaden,  mullet,  and  other  commercial  and  game 
fish  species  were  observed  dying  in  the  estuarine  areas. 

The  U.  S.  Fish  and  Wildlife  Service  reported  on 
the  bacterial  examination  of  20  fishes,  both  freshwater 
and  marine,  comprising  six  species  taken  from  the 
Mississippi  River  and  its  estuarine  area.  Their  report 
stated,  "The  only  fish  which  carried  a  known  patho¬ 
gen  was  that  large  buffalo  collected  from  the  Missis¬ 
sippi  River  and  it  harbored  a  Pseudomonas  infection, 
but  the  organisms  were  unique  to  that  fish.  No  single 
bacterium  showed  up  consistently  from  the  fish,  even 
of  one  species,  so  I  suspect  that  the  disease  was  defi¬ 
nitely  not  of  bacteriological  origin.  Freshwater  fish 
often  harbor  low-grade  infections  of  Aercmonas  or 
Pseudomonas  so  the  occurrence  of  a  pathogen  in  one 
fish  is  of  little  significance”  (U.  S.  Fish  and  Wildlife 
Service,  1963). 

In  December,  1963,  the  U.  S.  Public  Health  Serv¬ 
ice  sent  to  Louisiana  a  team  of  scientists,  headed  by 
Donald  Mount,  Research  Fishery  Biologist  of  the 
Robert  A.  Taft  Sanitary  Engineering  Center  in  Cin¬ 
cinnati,  Ohio.  These  men  collected  water,  mud,  and 
fish  samples  from  the  affected  areas,  and  returned  to 
Cincinnati  to  begin  exhaustive  researches  on  these 
materials.  Louisiana’s  Division  of  Water  Pollution 
Control  continually  sent  fresh  materials  to  Cincinnati 
from  both  the  affected  and  non-affected  areas.  The 
investigations  and  researches  conducted  by  the  Public 
Health  Service  biologists  and  chemists  in  defining  the 
fish-killing  agents  as  organic  pesticides  are,  in  our 
judgment,  classic.  The  story  of  epochal  achievement 
through  unique  bioassay  and  analytical  techniques 
rightfully  remains  to  be  told  by  the  workers  them¬ 
selves. 

We  have  related  this  background  in  order  to  bring 
into  sharper  focus  the  needs  for  continued  and  in¬ 
creased  analytical  scrutiny  of  our  estuarine  areas. 
True,  man  does  not  have  to  depend  upon  these  geo¬ 
graphical  niches  for  his  most  vital  water  needs. 
Nevertheless,  we  have  just  encountered  a  new  dimen¬ 
sion  in  water  pollution  which  bears  .significantly  on 
man's  every  use  of  the  water  resource.  We  have  dis¬ 
covered  this  by  detecting  toxic  materials  at  levels 
down  to  parts  per  trillion  and  relating  these  concen¬ 
trations  of  minutiae  to  animal  mortality.  Our  estu¬ 
aries  are  the  receptacles  of  all  those  inland  rivers  and 
streams  which,  as  separate  entities,  we  are  trying  at 
great  cost  to  protect  from  the  ravages  of  pollution. 
In  our  efforts  we  are  prescribing  appropriate  levels 
of  treatment  for  municipal  and  industrial  wastes; 
withholding  entirely  from  the  stream  such  wastes  as 
we  can ;  and  supplementing  stream  flows  with  dilution 
water  where  practical. 


ECONOMIC  CONSIDERATIONS  IN 
POLLUTION 

Economically,  our  estuaries  are  vital.  Louisiana’s 
422,400  acres  of  coastal  marshes  and  attendant  estu¬ 
aries  are  abundantly  productive  as  fishery,  fur,  and 
recreational  areas.  St.  Amant  (1964)  of  the  Louisi¬ 
ana  Wild  Life  and  Fisheries  Commission  recently 
stated  that  these  apparent  wastelands  furnish  liveli¬ 
hoods  for  more  thiui  50  thousand  people  and  yield 
more  than  100  million  dollars  annually  to  the  state. 
He  cites  the  1963  shrimp  catch,  totaling  80  million 
pounds.  Oyster  production  in  this  same  year  was  10 
million  pounds;  and  the  catch  of  menhaden,  a  fish 
valuable  for  fertilizer,  pet  foods,  and  oils,  was  one 
billion  pounds.  It  will  be  interesting  to  analyze  these 
catches  with  those  of  previous  and  future  years  to  find 
out  if  these  animal  populations  are  being  affected  by 
synthetic  organic  chemicals. 

Through  Louisiana,  an  average  of  450  billion  gal¬ 
lons  of  water  a  day  are  discharged  into  the  Gulf  of 
Mexico.  Streams  and  tributaries  bearing  such  tongue¬ 
tripping  names  as  the  Sabine,  Calcasieu,  Mermentau, 
Vermillion,  Atchafalaya,  Mississippi,  Pontchartrain, 
and  Pearl  carry  water  to  the  Gulf  from  31  states  and 
two  Canadian  provinces.  The  Missouri,  the  longest 
river  in  the  United  States,  and  the  unpredictable  Ohio, 
and  their  vast  tributary  networks  all  contribute  to 
Louisiana’s  estuaries. 

Like  a  bullet  through  a  rifle  barrel,  waters  of  the 
mighty  Mississippi  are  thrust  toward  the  Gulf  be¬ 
tween  the  confines  of  the  flood  control  levees.  Before 
the  day  oi  these  man-made  structures,  these  waters 
fanned  out  over  tremendous  reaches  of  the  coast, 
intermingling  with  waters  contributed  by  the  Atchafa¬ 
laya  and  other  tributaries  to  the  Gulf.  Freshwater 
marshes  (salinities  averaging  4-6  %c)  were  formed 
by  deposited  silts  and  vegetative  covers  of  wire  grass 
( Spartina  patens),  widgeon  grass  ( Ruppia  mara- 
tima),  three-cornered  grass  (Scirpus  oineyi),  and 
other  common  marsh  grasses  held  these  masses  to¬ 
gether.  Wildlife  communities  were  established  in  the 
marshes,  and  seafoods  flourished  from  the  nutrients 
carried  by  the  fresh  water  into  these  positive  estuaries. 

As  man  erected  his  flood  protection  devices,  these 
marshes  ceased  to  form  as  extensively  as  before. 
When  oil  was  discovered  in  the  offshore  and  bay 
areas,  drilling  rigs  and  barges  channeled  through 
them.  The  intruding  higher-salinity  Gulf  waters  killed 
much  of  the  vegetation  and  these  marshes  started  dis¬ 
solving  under  the  constant  buffeting  of  the  tides.  Silt 
and  decayed  grasses  soon  covered  up  many  oyster- 
producing  areas.  Valuable  nursery  areas  for  both  the 
white  shrimp  (P  moons  setifoms )  and  the  brown 
shrimp  {P moons  e-'eens)  were  adversely  affected  by 
the  highly  saline  concentrations  which  formed  when 
fresh  waters  were  channeled  away  from  parts  of  the 
estuaries. 

Oil  and  other  mineral  production,  shell  dredging, 
pollutants  from  inland  municipalities  and  industries. 
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channel  dredging  for  navigation,  and  insect  control 
are  constantly  changing  the  water  quality  and  physi¬ 
cal  character  of  these  areas.  One  example  of  draft 
channeling  is  the  Mississippi  River  Gulf  Outlet  Proj¬ 
ect,  authorised  in  1956,  which  provides  shipping  serv¬ 
ice  from  the  Golf  to  New  Orleans.  This  channel  is 
36  feet  deep,  500  feet  wide  at  the  bottom,  and  about 
76  miles  long.  When  fully  completed,  Louisiana  will 
lose  an  estimated  10-14  million  dollars  annually  be¬ 
cause  of  fish  and  wildlife  habitat  destroyed  where  this 
project  cuts  across  highly  productive  estuarine  and 
marsh  areas  (Eighth  Biennial  Report,  1958-1959). 
Fringe  deficits,  such  as  the  inward  march  of  the 
southern  oyster  drill  ( Thais )  and  the  oyster  parasite 
(Dermocystuiium  marimmm),  are  all  related  to  man’s 
rearrangement  of  Louisiana  estuaries. 

SUMMARY 

We  have  examined  but  a  few  of  the  problems  now 
being  experienced  in  only  one  estuarine  complex.  We 
are  concerned,  however,  that  most  estuaries  and  their 
marshes  are  being  influenced  all  too  constantly  by 
man’s  outpouring  of  wastes  and  by  his  geographical 
alterations.  The  preservation  of  these  estuarial  land 
masses  is  important,  not  only  to  the  sports  public  and 
the  commercial  harvester  of  food  and  fur,  but  also  to 
those  marine  life  forms  requiring  nursery  grounds 
and  suitable  bedding  habitats.  We  have  techniques 
for  marsh  management  which,  properly  used,  can  pro¬ 
vide  vital  protection  to  our  coastline  ecologies.  We 
should  initiate  projects  using  these  methods  without 


delay.  At  the  same  time  we  must  have  a  strong  pro 
gram  to  control  the  discharge  of  wastes  and  toxins 
from  all  sources,  including  industries,  municipalities, 
and  agricultural  areas.  It  it  equally  important  that 
every  possible  step  be  taken  to  prevent  accidental 
spills  of  oils,  chemicals,  and  other  pollutants  capable 
of  restricting  the  maximum  use  of  estuaries  and  their 
adjacent  land  masses,  and  the  profitable  harvesting 
of  the  desirable  biological  forms  they  produce.  No 
single  facet  of  restoration  or  prevention  is  out  stand 
ing — they  are  all  equally  important  links  in  the  chain 
essential  to  the  preservation  of  our  coastal  wealth, 
and  merit  the  undivided  attention  of  all  those  con¬ 
cerned  with  its  protection. 
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Pollution  caused  by  the  discharge  of  pulp  and  paper 
mill  wastes  into  marine  waters  at  Everett,  Bellingham, 
Anacortes,  and  Port  Angeles.  Washington,  has  stimu¬ 
lated  held  investigations  which  have  been  undertaken 
to  support  the  enforcement  proceedings  authorised  by 
the  Federal  Water  Pollution  Control  Act.  The  pro¬ 
grams  include  held  research  and  investigations  to  de¬ 
termine  the  effects  of  such  wastes  on  water  quality, 
water  uses,  and  the  marine  environment.  The  total 
effort  represents  cooperative  participation  by  the 
U.  S.  !*ublic  Health  Service  ■  the.  Washington  State 
Water  Pollution  Control.  Fish,  and  Game  Depart¬ 
ments  :  universities ;  and  industries. 

Although  the  project  was  initiated  in  the  spring  of 
1962.  numerous  technical  problems  and  delays  were 
encountered  in  tooling  up  for  the  job;  it  was  about 
the  same  as  starting  with  nothing  and  organising 
miniature  departments  of  oceanography,  engineering, 
and  biology  and  equipping  them  to  function.  The 
initial  goal,  to  have  ait  phases  of  the  field  program 
begin  together  and  progress  simultaneously,  was  un¬ 
attainable.  Therefore,  additional  sampling  was  neces¬ 
sary  along  the  way  to  provide  sufficient  supporting 
information  for  each  phase  of  study. 

The  program  consists  of  several  major  elements' — 
m-plant  surveys,  oceanographic  studies,  biological 
studies,  and  economic  studies.  The  findings  at  Everett, 
Bellingham,  and  Poet  Angeles  illustrate  several  as¬ 
pects  of  the  oceanographic  and  biological  studies 
i  Fig.  I, 

VATl'KK  OF  THE  OCEANOGRAPHIC 
STl'DIES 

The  oceanographic  studies  have  three  principal  ob¬ 
jectives:  ( I  >  determining  the  dispersion  and  per¬ 
sistence  of  pulp  mill  wastes  at  the  surface  and  *1 
depths  related  to  the  flushing  characteristics  of  the 
arras:  (2)  dt-tcrn-inin*  the  ester*  and  thickness  of 
sludge  beds  caused  by  industry  .  and  (J1  determining 
the  effect  of  surface  waste  concentrations  on  light 
penetration.  Another  important  objective  is  to  pro¬ 
vide  project  biologists  with  the  necessary  physwo- 

*  IWm  ffibw  r>nbf  Vmn  MNmry. 
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chemical  background  on  which  to  design  their  studies. 
Plankton,  productivity,  and  larva  bioassay  sampling 
stations,  for  example,  were  selected  on  the  basis  of 
oceanographic  field  data.  Temperature,  salinity,  dis¬ 
solved  oxygen  fDO),  Pearl -Benson  Index  fl'Bl). 
pH,  and  light  penetration  by  Secchi  disk  were  rou¬ 
tinely  measured  on  monthly  field  trips.  Equipment  is 
now  being  used  which  is  more  refined  than  the  Secchi 
disk. 

(The  Pearl-Benson  Index  (PBI),  as  used  in  this 
paper,  is  the  dilution  of  sulfite  waste  liquor  ( SWL) 
containing  10  percent  solids  expressed  as  ppn  by 
volume ;  determined  by  the  Barnes  rt  al.  ( 1963)  modi¬ 
fication  of  the  I ‘earl  and  Benson  (1940)  technique 
Although  not  synonymous,  the  terms  PBI  and  SWL 
will  be  used  interchangeably.  The  term  “spent  sulfite 
liquor''  (SSL)  is  ”*ed  by  some  and  is  equivalent  to 
SWL  A  model  GS  Beckman  meter  was  used  tor 
pH  ;  the  Alstrrberg  ( aside)  modification  of  the  Wink¬ 
ler  method  (A.P.H.A,  1960)  for  dissolved  oxygen 
(DO)  was  used.) 

The  location  and  depth  of  sampling  in  all  three 
areas  were  governed  by  the  following  concepts : 

1.  Stations  were  tekrted  to  allow  adequate  cover¬ 
age  of  conditions  from  maximum  sulfite  waste  liquor 
( SWL )  concentration  to  those  of  little  or  no  SWL 
Stations  were  close  enough  together  to  allow  euntoar- 
tng  of  the  data  and  dispersed  only  enough  to  permit 
sampling  a  given  area  in  one  day. 

2.  Although  SWL  concent  rations  and  associated 
effects  at  the  surface  are  important  to  juvenile  sal¬ 
mon  ais.  comentrations  in  deeper  waters  are  also  im¬ 
portant.  especially  al  Kmtft.  for  their  potential  in¬ 
fluence  on:  fal  mute  bottom  fauna,  (b)  bottom 
fisheries,  such  at  crab,  flounder,  and  other  demersal 
fishes,  sad  t  c  I  plankton, 

3.  In  areas  where  only  surface  discharges  are  madr. 
vertical  mixing  and  diffusion  will  occur  and.  conse¬ 
quently,  deeper  waters  must  be  sampled 

4.  Pulp  and  paper  units  usually  operate  *  round  the 
Hot*.  12  months  a  year.  There  are  seasonal  and  di¬ 
urnal  fluctuations  at  watrr  properties  throughput  the 
water  column,  sad  the  sampling  was  dessgncd  to  ob¬ 
tain  enough  data  to  reflect  at  bast  one  year  of  mtfl 
operation  m  each  area. 
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Ocnnofnphii:  literature  on  I  Nigel  Sound  and  ad¬ 
jacent  water*  is  voluminous.  and  no  attempt  i*  made 
to  review  it  thoroughly  here.  The  University  of 
Washington  (1953)  ha*  conducted  long  and  exten- 
*ive  studies  of  WashmgP  n  marine  water*  ami  ha* 
published  a  comprehensive  literature  review  of  the 
area  The  Belhngham-Samish  Bay  system.  in  par- 
ticular.  ha*  been  *n*r*teguted  in  regard  to  Hushing 
characteristic*  and  SW1.  distribution  lUolhas  ami 
Btror*  I9fi2t  The  University  «i  Washington  has 
also  completed  a  study  of  Bellingham  Flay  current* 
using  Richardssxi  meter*  supplied  by  the  l\  S  Ihihlic 
Health  Service.  The  1‘acibc  Oceanographic  Group  in 
Canada  has  also  conduct rd  numerous  survevs  in  the 
Strait  of  Juan  sk  Kura  and  contiguous  waters 

Because  of  the  information  already  available  on  the 
Belltnghani  Samish  system,  moat  of  the  present  ocean¬ 
ographic  work  has  been  cairied  out  in  Everett  and 
l*ort  Angrlr*.  These  two  area*  have  been  studied  by 
agencies  of  the  Slate  of  Washington  i  Lindsay  cf  <W  . 
IKfl;  Orkih  rf  W  .  |9t|  :  IVtrriMi  and  Gibbs,,  1957  > 
Some  of  the  pulp  and  paper  companies  concerned  also 
have  conducted  held  studies,  but  the  resulting  data 
are  not  emeralty  available.  Stern  ct  d.  i  l*Ji  pub 
lished  a  report  show  mg  condition*  existing  in  thr 
Port  Angeles  area  during  a  two- week  satrvev 

NATURE  OK  THK  BIOIXN  .K  At.  STUDIES 

T>e  objectives  of  thr  twalogscal  program  are  to  dr 
text  and  measure  the  tndvencr*  of  pulp  and  paper  mill 


watte*  on  significant  marine  organisms  and  their  rn 
vironment.  Such  information  will  help  to  determine 
whether  damage*  have  been  caused  by  pollution  ami. 
if  so,  to  define  the  necessary  remedial  steps.  Eight 
separate  activities  are  involved  in  doing  this,  a*  shown 
in  Table  1, 

Other  investigators  have  approached  some  of  these 
objectives  and  a  sizable  literature  has  developed,  es¬ 
pecially  relating  to  salmon  id*  and  shellfish  f  1 -water. 
1954;  Tollefton.  1963;  Wagner  tl  al.  1957;  Waldi- 
chuk,  I960).  The  toxic  effects  of  SWL  on  young 
salmon  have  been  studied  intensely  for  several  years. 
Mains  r#  al.  (1953),  and  Gunter  and  McKee  (I96U) 
thoroughly  reviewed  and  evaluated  current  informa¬ 
tion  on  the  effects  of  SWL  on  oysters. 

Of  the  eight  biological  activities  cited  above,  only- 
three  will  be  discussed  in  this  paper :  ( 1 )  oyster  larva 
bioassays  for  the  Bellingham-Samish  and  Port  An¬ 
geles  areas;  (2)  adult  oyster  mortality,  growth,  and 
condition  index  for  the  Bellingham-Samish  area ;  ami 
(3)  live  box  bioassays  with  juvenile  satmonids  for 
the  Everett  area. 

GROSS  CHARACTERISTICS  OF  THE 
THREE  AREAS 

The  three  major  areas  under  investigation  have 
little  in  common,  except  that  tliey  are  ait  bathed  in 
salt  water.  Because  ihigrt  Sound  itself  is  an  estuary, 
waters  adjacent  to  Everett  may  he  considered  an 
estuary  within  an  estuary,  since  already  dilute  sea 
water  at  this  point  is  freshened  still  more  by  entry  of 
the  Snohomish  River  Bellingham  Bay  is  similar, 
because  it  is  fed  at  its  northernmost  end  by  the  Nook 
sack  Rivct.  Port  Angeles  harbor  is  not  a  true  estu¬ 
ary.  according  to  Pritchard's  I  1955 >  definition,  lic- 
cau*e  no  large  stream*  enter  it.  Indeed,  :l»  low 
salinity  water  in  the  surface  layer  is  most  I  v  due  to 
waste*  from  and  |>a|>rr  mills  alung  the  harbor 

shore*. 

It  is  customary  to  classify  estuaries  by  their  vertical 
and  lateral  salinity  gradients.  Because  salmitv  is  a 
result  of  an  estuary's  grotnorphulogy.  tides,  ami  run 
oifs.  its  distribute!*;  reveals  rn-aie  aN*it  the  type  ot 
estuary  than  any  other  single  t actor  Therefore  “lypi 
rat  salinity.  Pill,  pit.  ami  IX)  concmtrat  uwis  com 
pares!  with  depth  station  curve*  are  all  Used  to  ex¬ 
hibit  the  gross  characteristics  of  each  of  the  thrre 
areas 

OBSERVATIONS  IN  HIE  BELLIN'*  ill  AM 
AREA 

<V  twocxjvrnic 

Borause  of  thr  rxtensive  surveys  eoisdurtrd  bv  |br 
l  ni  see  sits  of  Washington  in  the  BeUinghamSaunsh 
Bay  svstetn.  the  l'  S  Ihihfic  ll-ahh  Service  ocrarx* 
graphic  field  work  was  confixed  to  a  study  of  wmino 
conditions  m  Bdtmgham-Satnish  Bay  i  Fig.  2)  Sea 
water  enters  the  system  at  depth  primarily  betweer 
Gormrt  and  l-ommi  Islands,  and  it  about  two  to  fwr 
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Tabic  1.  Type,  area,  and  frequency  of  biological  investigations. 


Type 

Vertical  and  horuantal  tow  collections  of  plankton 
Submerged  mkroslides  fur  attaclied  organisms 
Productivity  and  nutrient  supply 

\du)t  oyster  mortality,  growth,  and  condition 
index— Muse  2 

Oyster  larva  bioassay 

Live  box  biuassay,  juvenile  salmunids 

Distribution-migration,  juvenile  salmonids 

Bottom  fisheries,  trawling 


Areas 

Frequency 
of  invest 

Initiation 

date 

All 

Monthly 

July,  1963 

Bellingham-Evrretl 

10  days 

Feb.,  1964 

Belling  ham-Everrtt 

Monthly 

March,  1964 

Bell  ingham  -  Samu  h 

Monthly 

Match.  1964 

All 

Monthly 

May.  I96J 

Beliingham,  Fun 
Angeles,  Kverrtt 

Summer 

April,  1963 

Bellingham,  Fort 
Angeles,  Kverett 

Spring 
and  Kail 

March,  1963 

Bellingham-  Samish. 
Fort  Angeles 

Monthly 

Dec.  1963 

jwrts  per  thousand  i  lest  saline  than  water  in  the 
Strait  of  Juan  dc  Kura  near  I’ort  Angeles. 

Figure  2  also  slums  tliat  the  1960-1961  average 
surface  1*111  ll'olltas  ami  Ilarncs.  1962)  decreases 
with  disunce  from  tire  waste  source,  Init  extends  as 
a  detectable  plume  into  Samish  Hav.  The  percentage 
remaining  with  distance  relative  to  the  200  parts  per 
million  i  ppm )  contour  can  lie  obtained  by  dividing 


»■•»  data  ( (  nilta*  srsj  Rsrnrs.  |W&2l 


aJ!  values  by  two.  Waters  throughout  the  system  are 
markedly  turbid,  with  Secchi  disk  readings  generally 
less  than  two  meters.  Low  light  transmission  is  caused 
by  SWL,  suspended  fibers  from  the  pulp  ami  paper 
null,  plankton  blooms,  and  silt  transport  from  the 
Nouksack,  Samish.  and  other  smaller  'ivers.  Kfftct 
of  mill  effluents  in  lowering  DO  levels  is  localized  to 
within  a  one-  to  two-mile  radius  of  the  outfall,  but 
oxygen  saturation  values  of  120-140  percent  are  not 
uncommon  in  the  upper  10  m  during  plankton  blooms. 

Figure  3  shows  station  curves  at  Stations  A  ami  H 
at  two  distances  from  the  waste  source  Station  A. 
nearest  the  outfall,  shows  that  FBI  decreases  rapidly 
with  depth  and  is  not  found  beneath  the  haloclme.  DO 
and  pH  arc  decreased  in  the  upper  2  m  At  a  greater 
distance  from  the  outfall,  FBI  values  have  diminished, 
ami  no  effect  on  pH  and  DO  is  apparent.  Surface 
salinity  ha-  also  increased  from  25.6  to  2X.3  *£«■  be¬ 
cause  of  this  station’s  position  relative  to  the  Nook- 
sack  River. 

OvstEa  Studies 

Oyster  culture  was  formerly  one  of  the  water  uses 
in  parts  of  Hciimgham  Hay.  hut  it  is  now  limited  lo 
the  adiarent  waters  of  Samisii  Bay.  In  that  area. 
Pacific  oysters  K Vuicrlrm  j/igwt  i  are  cultivated 
front  seed  mqmrlrd  from  Japan  or  Panada 


”  l  ew  '»  m  r will  «*  r*  * 

Fig  1  BrllmghaRt,  Washtugf u«t  ''o'  »e.  carves,  Junr 
25.  IMJ 
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Because  wastes  from  the  Bellingham  mill  are  car¬ 
ried  southward  to  the  oyster-growing  area;,  it  was 
necessary  to  devise  a  means  of  sensing  the  response 
of  oysters  to  this  factor  of  their  environment.  Two 
methods  were  developed :  ( 1 )  larva  bioassays  of  water 
samples  were  collected  at  key  points  in  the  area,  and 
(2 ;  »»  situ  bioassay,  were  made  of  one-  and  two-year- 
old  specimens  of  seed  oysters  to  determine  growth, 
survival,  and  condition  index  or  fatness. 

Each  month  one  surface-water  sample  is  collected 
by  seaplane  at  each  of  11  sampling  points  (Fig.  4). 
The  sampies  are  flown  directly  to  the  Point  Whitney 
laboiatory  of  the  State  of  Washington  Department  of 
Fisheries  to  fce  processed.  The  time  lapse  from  col¬ 
lection  to  processing  never  exceeds  three  hours.  The 
technique  is  described  by  Loosanoff  (1954)  and  has 
been  modified  by  Woelke  (1961).  In  brief,  Pacific 
oysters  are  stimulated  to  spawn  by  raising  their  tem¬ 
perature  to  25°-30°C.  for  three  hours  after  having 
been  held  for  four  to  six  weeks  at  20*C.  At  one  and 
one-half  hours  or  less  after  fertilization,  about  25,000 
larvae  are  added  to  each  sample.  After  a  48-hour  ex¬ 
posure  to  the  test  water,  a  sample  containing  100-200 
larvae  is  examined  microscopically  to  determine  the 
percent  of  "abnormal”  larvae  (those  which  are  not 
fully  shelled).  Analyses  are  made  for  initial  and  ter- 


Fig.  4.  Bellingham,  Washington.  Sampling  stations  for 
oyster  larva  bioassays  and  sites  for  in  situ  bioassays,  May- 
Octohcr,  1963. 


Table  2.  Oyster  larva  bioassay  data  for  Bellingham- 
Samish  area.  Summary  for  period,  Mav  13  to  Novem¬ 
ber  20,  1963. 


Sta¬ 

tion 

Kilo¬ 

meters 

from 

pollu¬ 

tion 

source 

Number 

of 

cultures 

Mean 

percent 

abnor¬ 

mal 

larvae 

Mean 

PBI 

PBI 

range 

1  &  2 

(comb.) 

0.1  &  3 

42 

95.9 

1,087.8 

6-3,840 

3 

5 

9 

67.8 

105.0 

1-222 

it 

7 

15 

72.2 

70.2 

4-250 

4 

8 

15 

44.2 

26.8 

1-91 

5 

12 

12 

27.5 

10.1 

1-25 

10 

16 

21 

19.5 

12.3 

2-35 

6 

17 

21 

17.8 

3.7 

0-22 

9 

18 

21 

16.1 

14.0 

0-28 

8 

19 

15 

23.3 

3.2 

1-7 

7 

20 

15 

22.9 

3.6 

0-9 

minal  PBI,  and  salinity  concentration.  Chlorophyll  a 
is  measured  in  the  raw  samples  only. 

Kaw,  unadjusted  bioassav  results  for  the  first  seven 
months  are  shown  in  Table  2.  It  is  apparent  that  lar¬ 
val  abnormalities  increased  with  the  decreasing  dis¬ 
tance  from  the  pollution  source,  with  all  stations 
within  8  km  showing  abnormalities  of  44  percent  or 
greater.  Similarly,  h:.'h  PBI  and  high  abnormalities 
go  together,  which  suggests  a  toxic  influence  of  SWL 
from  the  Bellingham  mill. 

Long-term,  in  situ  bioassays  with  seed  stages  and 
adult  oysters  are  conducted  at  six  locations  (Fig.  4) 
to  determine  mortalities,  growth  rate,  and  condition 
index  (Westley,  1959).  When  this  program  was  ini¬ 
tiated  in  June,  1963,  the  oysters  were  held  in  asphal- 
tum-coated  metal  mesh  baskets  supported  in  2.4  X  3  m 
anchored  rafts.  Test  populations  consisted  of  50 
pieces  of  seed  cultch,  150  one-year-old  and  100  twe- 
year-old  Pacific  oysters.  It  was  discovered  shortly 
that  violent  tossing  of  the  rafts  in  the  open  sweep  of 
water  during  stormy  weather  caused  the  oysters  to 
grind  together,  interrupted  their  feeding,  and  raised 
questions  concerning  other  aspects  of  the  test  con¬ 
ditions. 

The  limited  condition  index  data  available  at  this 
point  were  sufficiently  promising  to  justify  continu¬ 
ing  and  improving  the  program.  The  first  modifica¬ 
tion  was  to  stabilize  each  raft  by  attaching  two  35- 
foot-long  Douglas  fir  saw  logs  in  the  manner  of  trail¬ 
ing  rudders.  Next,  4,000  test  oysters  were  cemented 
with  calcium  aluminatc  and  Portland  cement  to  Fiber- 
glas  panels  suspended  vertically  from  the  rafts  1  m 
deep  at  panel  midpoint.  It  is  now  possible  to  remove 
each  panel  from  the  water  for  periodic  examination 
and  photographing.  Oyster  growth  can  be  measured 
on  the  photograph  by  planimeter,  and  the  growth  his¬ 
tory  of  each  specimen  can  be  followed  individually. 
Quarterly,  a  sample  consisting  of  25  oysters  on  a 
panel  will  be  taken  to  the  laboratory  to  determine  the 
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Fig.  5.  Everett,  Washington.  Average  surface  PBI, 
May,  1962-May,  1963. 


condition  index.  No  data  are  yet  available  because 
the  program  was  not  revised  until  March  of  1964. 

OBSERVATIONS  IN  THE  EVERETT  AREA 
Oceanographic 

The  City  of  Everett,  located  on  Port  Gardner  at 
the  mouth  of  the  Snohomish  River,  is  the  site  of  two 
large  sulfite  pulp  and  paper  mills  (Fig.  5).  Because 
of  a  thin  freshwater  layer  at  the  top,  surface  effluents 
do  not  mix  downward  past  the  halocline.  The  bulk  of 
the  SWL  from  these  mills  is  released  through  a  deep 
diffuser,  reported  to  he  91  m  at  its  upper  end  and 
104  m  at  its  lower  end.  This  being  the  case,  there  is 
an  initial  upward  plume  displacement  of  about  25  m, 
since  the  peak  FBI  is  usually  found  at  75  m  over  the 
diffuser  and  at  distance  from  it.  The  plume  depth  has 
been  found  to  lave'  out  at  (.0  in  on  occasion.  Diurnal 
station  data  for  the  Everett  area  are  not  yet  available, 
and  significant  variation  in  plume  depth  may  occur 
over  a  tidal  cycle. 

Tides  in  the  area  under  study  are  mixed  and  the 
mean  diurnal  range  is  3.4  m.  The  tidal  currents  are 
described  bv  the  U.  S.  Coast  and  Geodetic  Survey 
(  1952)  as  “weak  and  variable”,  and  the  net  current 
direction  is  northward  along  the  bottom  from  Posses¬ 
sion  Sound.  Considerable  dilution  of  surface  waters 


Fig.  6.  Everett,  Washington.  Vertical  section  of  PBI 
(ppm).  Averaged  for  May,  1962-May,  1963  (solid  lines) 
and  for  August  3,  1962  (dashed  lines),  diffuser  to  Sara¬ 
toga  Passage. 

occurs  because  of  precipitation  and  entry  of  the  Sno¬ 
homish  River ;  net  motion  of  surface  waters  is  south. 
Sills  are  present  v.  here  Possession  Sound  joins  Port 
Susan.  Their  effect  on  water  exchange  with  Port 
Susan  and  on  oxygen  consumption  therein  has  been 
described  by  Barnes  and  Collias  (1958).  Since  1952, 
numerous  hydrographic  stations  have  been  occupied 
ir.  Possession  Sound  and  adjacent  areas  by  the  Uni¬ 
versity  of  Washington,  which  also  operates  a  hy¬ 
draulic  model  of  Puget  Sound,  including  the  Everett 
area  (Barnes  et  al.,  1954). 

From  May,  1962,  hydrographic  stations  were  occu¬ 
pied  monthly  at  about  one  nautical  mile  intervals 
radially  from  the  end  of  the  deeper  diffuser.  Water 
samples  for  temperature,  salinity,  DO,  PBI,  and  pH 
were  collected  by  Nansen  bottle  at  0,  5,  10,  20,  30, 
50,  75,  100,  125,  and  150  m,  depth  permitting.  Eleven 
cruises  were  completed  from  May,  1962,  through  May, 
1963.  Average  surface  PBI  for  this  period  is  shown 
in  Figure  5.  There  is  a  gradient  of  PBI  directed  into 
the  inner  harbor  where  surface  outfalls  are  located. 
Concentrations  of  10  ppm  occur  throughout  the  Ever¬ 
ett  area  and  in  the  entire  Port  Susan  region. 

Figure  6  shows  a  vertical  section  of  PBI  from  the 
diffuser  into  Saratoga  Passage.  Indicated  here  are  the 


SALlflTTlVI  ft  H  *0  »*  M  *> 

PH  TO  7*  »0  TO  Ti  00 

00  0  1  ♦  f  0  *0  O!««0'0 

Ptl  (MM|  0  100  TOO  *00  0  tO  #0  00 


Fig.  7.  Everett,  Washington.  Station  curves,  April  16, 
1963. 
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Fig.  8.  Everett,  Washington.  Zones  of  toxicity  to  ju¬ 
venile  salmon  as  percentage  of  mortality  in  24  hours. 
Composite  of  six  tests. 


11-cruise  average  FBI  values  and  a  single  cruise 
(August,  1962)  observation  showing  the  30  and  50 
ppm  contours  only.  This  representation  is  somewhat 
analogous  to  the  average  and  instantaneous  configura¬ 
tions  found  in  industrial  smokestack  meteorological 
studies  (Pasquill,  1962). 

The  effect  of  SWL  on  DO  concentrations  and  pH 
is  illustrated  in  Figure  7.  The  data  shown  were  ob¬ 
tained  on  April  16,  1963,  and  are  typical  of  the  con¬ 
sistent  image  effect  correlation  between  SWL,  pH, 
and  DO.  The  station  over  the  diffuser  shows  the 
more  drastic  reduction  in  DO  and  pH,  as  would  be 
expected ;  the  Mukilteo  Station  is  7.2  km  distant  from 
the  pipeline,  yet  the  effect  of  wastes  is  still  present 
although  at  a  greater  depth  than  that  of  the  station 
over  the  diffuser. 

Juvenile  Salmonids 

In  the  vicinity  of  Everett,  the  Snohomish  River  is 
used  as  a  spawning  stream  by  four  species  of  salmon 
( Oncorhyvchus  tshawytscha,  0.  kisutch,  0.  keta,  0. 
gorbuscha)  and  steelhead  trout  ( Salmo  gairdnerii) . 
In  addition,  the  adjacent  waters  of  Fort  Gardner  Bay, 
into  which  the  river  empties,  are  used  as  nursery  and 
feeding  grounds  by  juvenile  salmonids  and  by  bottom 
fish  and  crabs.  The  salmon,  steelhead,  and  crab 
fishery  of  this  area  had  an  estimated  1962  commercial 
and  sport  harvest  worth  $979,949. 

The  environmental  conditions  in  the  area  are  alarm¬ 
ing  because  juvenile  salmonids  from  the  river  have 
been  found  to  invade  waterfront  areas  where  water 
quality  conditions  are  known  to  be  poor.  Live  box 
bioassavs  with  juvenile  chum  salmon  (0.  keta)  were 
made  at  23  stations  in  this  area.  They  revealed  that 
environmental  conditions  were  at  times  lethal  to  the 
test  fish  populations,  as  shown  in  Figure  8.  On  these 
occasions,  temperature,  salinity,  and  PBI  were  not 
at  levels  expected  to  be  lethal.  When  mortalities  oc¬ 
curred,  they  coincided  with  free  chlorine  concentra- 


Fig.  9.  Port  Angeles,  Washington.  Average  surface 
PBI,  November,  1962-December,  1963. 


tions  of  up  to  50  ppm,  pH  below  6.5,  sulfide  concen¬ 
trations  of  0.5  ppm,  or  DO  concentrations  approach¬ 
ing  zero.  Fortunately,  new  waste-handling  facilities 
now  being  provided  by  the  mills  will  help  eliminate 
these  adverse  waterfront  conditions. 

OBSERVATIONS  IN  THE  PORT  ANGELES 
AREA 

Oceanographic 

A  14-cruise  average  of  surface  PBI  for  November, 
1962,  through  December,  1963,  is  shown  in  Figure  9. 
Two  PBI  sources  are  immediately  apparent:  a  pulp 
and  paper  mill  at  the  west  end  of  the  harbor,  and  an¬ 
other  at  the  southeast.  These  are  essentially  point 
sources  with  fluctuating  discharges. 

On  September  8,  1963,  the  PBI  near  the  outfall  of 
Mill  A  was  greater  than  3,500  ppm  (Fig.  10).  A 
Secchi  disk  reading  one  mile  north  of  Ediz  Point  was 
13.0  m,  the  highest  obtained  in  this  study.  Contours 
of  PBI  at  irregularly  spaced  concentrations  and  Sec¬ 
chi  disk  readings  at  3-m  contours  show  consider¬ 
able  agreement.  Light  penetration,  as  estimated  by 
Secchi  disk,  has  been  reduced  by  10  m  in  the  im¬ 
mediate  vicinity  of  both  mills  and  by  4  m  over  most 
of  the  harbor.  This  is  in  contrast  with  the  situation 
on  August  30,  1963  (Fig.  11),  when  Mill  A  had  been 


Fig.  10,  Port  Angeles,  Washington.  Surface  PBI  and 
Secchi  disk  depth,  September  8,  1963. 
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Fig.  11.  Port  Angeles,  Washington.  Surface  PBI  and 
Secchi  disk  depth,  August  30,  1963. 


shut  down  for  a  period  of  11  days  and  the  only  PBI 
source  was  Mill  B.  Although  the  Secchi  disk  reading 
in  the  Strait  was  8.0  m,  concurrent  with  a  plankton 
bloom,  the  only  effect  on  light  penetration  was  local¬ 
ized  in  the  west  end  of  the  harbor;  sharply  reduced 
PBI  was  also  noted  throughout  the  harbor. 

Station  curves  for  Port  Angeles  Harbor  (Sta- 
t:on  A)  and  the  Strait  of  Juan  de  Fuca  (Station  B, 
one  nautical  mile  due  north  of  Ediz  Hook  Point) 
are  shown  in  Figure  12.  PBI  values  in  the  Strait  of 
2  ppm  and  less  are  background  readings;  this  sta¬ 
tion  is  completely  unaffected  by  mill  wastes.  There 
is  a  steady  increase  of  salinity  with  depth  to  a  maxi¬ 
mum  of  32.1  %c  at  70  m  and  a  decrease  in  pH  and 
DO.  In  the  harbor,  PBI  decreases  from  50  ppm  at 
the  surface  to  2  ppm  at  the  bottom  in  20  m  of  water. 
Surface  salinity  in  the  harbor  is  about  4  %c  less 
than  in  the  strait.  There  is  no  sharp  halocline,  as  at 
Everett  and  Bellingham,  and  the  PBI  versus  depth 
curves  usually  reflect  this  by  decreasing  more  regu¬ 
larly  in  the  top  few  meters. 

Oyster  Studies 


Fig.  13.  Port  Angeles,  Washington.  Stations  for  oyster 
larva  bioassay  samples. 


for  the  Bellingham-Samish  area  also  have  been  made 
at  Port  Angeles.  Once  each  month,  samples  are  col¬ 
lected  by  seaplane  from  12  stations  (Fig.  13),  de¬ 
livered  to  the  laboratory,  and  processed  in  the  same 
manner  as  the  Bellingham-Samish  samples. 

Preliminary  unadjusted  results  for  the  first  seven 
months  are  shown  in  Table  3.  Here,  as  at  other  pulp 
mill  sites,  larval  abnormalities  increase  as  distance  to 
the  waste  source  decreases. 

SUMMARY 

In  situ  studies  of  pulp  and  paper  mill  waste  pollu¬ 
tion,  such  as  those  in  progress  in  Puget  Sound  and 
the  Strait  of  Juan  de  Fuca,  require  the  closely  co¬ 
ordinated  efforts  of  oceanographers,  biologists,  en¬ 
gineers,  and  others.  Studies  on  the  adverse  effects  of 
SWL  and  other  mill  wastes,  carried  out  solely  in  the 
laboratory,  do  not  sufficiently  simulate  field  conditions 
and,  therefore,  cannot  be  projected  directly  to  existing 
conditions  in  the  marine  environment.  Hence,  several 
“bioassay”  techniques  are  used.  They  vary  from  di- 


Oyster  larva  bioassays  similar  to  those  described 
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Fig.  12.  Port  Angeles,  Washington.  Station  curves, 
October  29,  1963. 


Table  3.  Oyster  larva  bioassay  data  for  Port  An¬ 
geles  Harbor  and  the  Strait  of  Juan  de  Fuca.  Sum¬ 
mary  for  period,  May  13  to  November  20,  1963. 


Sta¬ 

tion 

Kilo¬ 

meters 

from 

pollution 

source 

Num¬ 

ber 

of 

vul¬ 

tures 

Mean 

percent 

abnor¬ 

mal 

larvae 

Mean 

PBI 

PBI 

ranee 

1 

In  harbor 

21 

93.3 

892 

19-420 

2 

In  harbor 

2! 

70.7 

55.4 

5-186 

3 

In  harbor 

21 

98.6 

1,429.8 

23-14,750 

4 

In  harbor 

21 

97.5 

3,520.0 

190-7200 

5 

4  east 

6 

542 

19.0 

1-37 

6 

9  east 

21 

61.8 

17.7 

10-27 

7 

14  east 

6 

47.6 

11.5 

9-14 

8 

16  east 

6 

51.5 

13.5 

5-22 

9 

25  northeast 

6 

17.9 

1.0 

0-1 

10 

2  north 

21 

18.5 

ai 

0-37 

11 

7  northwest 

18 

4.6 

1.0 

0-3 

12 

18  west 

21 

14.5* 

0.14 

0-1 

*  100  percent  mortality  on  one  trip  due  to  low  salinity.  Elimina¬ 
tion  of  taia  temple  putt  mean  percent  abnormal  larvae  at  1.6. 
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rect  examination  of  marine  populations  and  the  in¬ 
fluence  of  pollutants  on  them,  a  id  semi-natural  iu  situ 
bioassays  with  maturing  oysters,  to  laboratory  bio¬ 
assays  with  oyster  larvae  to  test  water  collected  at 
suspect  points. 

Oceanographic  studies  have  traced  the  distribution 
and  persistence  of  mill  wastes.  They  also  show  that 
the  wastes  occur  at  points  where  oysters  and  juvenile 
salmon  are  of  major  concern.  Although  still  incom¬ 
plete,  the  bioassays  with  growth  stages  of  salmon  and 
oysters  cast  doubts  on  suitability  of  habitat  near  the 
waste  sources. 
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This  pajier  poses  some  questions  relative  to  the 
problems  that  face  the  sanitary  scientist  in  his  attempt 
to  meet  the  growing  needs  of  the  vast  communities 
that  populate  our  shorelines.  The  estuary  in  the 
United  States,  and  in  many  other  countries,  has  be¬ 
come  the  septic  tank  of  the  megalopolis. 

As  early  as  1910,  the  Metropolitan  Sewage  Com¬ 
mission  of  the  City  of  New  York  gave  serious  con¬ 
sideration  to  the  possibility  of  installing  a  complete 
system  of  waste  drainage  by  pumping  the  waste  out 
to  sea.  Over  the  years  many  communities  have  built 
large  trunk  sewer  systems.  In  the  early  1900’s  the 
Passaic  Valley  Sewerage  Commission  built  a  trunk 
sewer  system  more  than  20  miles  in  length,  serving 
more  than  25  communities  in  the  Upper  Passaic  Val¬ 
ley  area.  These  wastes  were  conveyed  by  a  submarine 
outfall  to  Upper  New  York  Harbor.  Other  trunk 
systems  serve  large  areas  of  New  Jersey,  including 
the  Elizabeth  Joint  Meeting  and  Middlesex  County 
Sewerage  Authority.  Large  trunk  systems  were  in¬ 
stalled  in  Westchester  County,  New  York;  these  sys¬ 
tems  sent  the  sewage  of  a  large  suburban  area  of  the 
county  to  the  Hudson  River  and  Long  Island  Sound. 
Nassau  County,  Long  Island,  diverts  approximately 
one-third  of  the  county’s  sewage  to  a  large  outfall 
located  on  the  south  shore  of  the  Island.  Trunk 
sewer  systems  have  been  projected  and  installed  in 
many  areas  of  the  country,  for  example,  in  Boston, 
in  the  Blackstone  Valley  of  Rhode  Island,  and  ;n  the 
Brandywine  Valley  of  the  Delaware.  Disposal  of 
sewage  from  upland  areas  to  convenient  estuaries 
where  the  wastes  are  discharged  in  large  quantities 
after  varying  degrees  of  treatment  presents  many 
problems  to  the  sanitary  scientist  in  his  search  for 
the  right  combination  of  the  degree  of  treatment,  the 
location  of  outfall,  and  the  volume  of  dilution  neces¬ 
sary. 

MANY  SOURCES  DEGRADE  ESTUARIES 

Additional  problems  are  the  development,  in  many 
of  these  communities,  of  large  storm-water  overflow 
systems,  which  drain  sanitary  sewage  in  combined 
systems  and  larger  quantities  of  storm-water  drain¬ 
age  in  separate  systems  into  the  estuarine  areas  dur¬ 
ing  time*  of  high  rainfall.  Also,  the  drainage  from 
many  suburban  areas  may  contain  quantities  of  fer¬ 
tilizers  and  pesticides  used  by  the  suburban  gardener 
on  his  quarter-acre  grass  farm.  All  of  these  wastes 
enter  into  the  estuary  where  the  tidal  currents  serve 

1  Sins*  Inrufrrrrd,  u  ttw  Fwtrril  Wilrr  Pollution  Control  Ad- 
■nintit ration,  to  the  U.  S.  Department  of  Ute  Interior, 


and  Welfare,  Metuchen,  Net v  Jersey 1 


to  complicate  and  accentuate  what  in  reality  is  a  sim¬ 
ple  dilution  problem  in  the  usual  river  system.  Of 
the  110  areas  in  the  United  States  that  are  considered 
to  be  standard  metropolitan  statistical  areas,  more 
than  40  of  these  communities  are  located  on  estuaries. 
These  communities  represent  a  population  total  of 
fifty-five  and  one-half  million  people,  or  approxi¬ 
mately  one-third  of  the  total  population  of  the  United 
States. 

We  have  spent  many  years  studying  the  effects  of 
water  pollution  on  the  river  systems  of  our  country, 
and  only  within  the  last  fifteen  years  has  our  atten¬ 
tion  turned  to  the  estuary.  What  was  once  a  bottom¬ 
less  pit,  able  to  receive  all  that  man  could  imagine, 
has  now  become,  in  many  areas,  a  septic  cauldron 
of  man’s  wastes.  Concentrated  studies  are  underway 
in  many  estuaries,  including  those  of  California, 
Washington,  Louisiana,  Georgia,  Maryland,  Virginia, 
Delaware,  Pennsylvania,  New  Jersey,  New  York, 
Connecticut,  Rhode  Island,  and  Massachusetts.  My 
remarks  will  be  confined  to  the  estuaries  on  the  con¬ 
tinental  shelf  of  the  East  Coast. 

The  majority  of  the  estuaries  on  the  East  Coast 
are  in  the  highly  developed  urban  area  from  Boston 
to  Washington,  D.  C. — an  area  referred  to  as  the 
Megalopolis.  These  estuaries  are  the  recipients  of 
waste  loadings  from  the  upland  non-tidal  areas  repre¬ 
senting  the  upland  development  of  these  river  systems. 
In  addition,  the  communities  that  straddle  the  estu¬ 
aries  themselves  place  upon  these  estuaries  the  bur¬ 
den  of  municipal  and  industrial  waste  pollution  from 
a  population  of  approximately  thirty-five  million 
people. 

Much  is  being  done  by  the  pollution  control  agen¬ 
cies  of  the  local,  state,  interstate,  and  Federal  govern¬ 
ments  to  solve  the  problems  associated  with  these 
waste  discharges.  Much  research  has  been  under¬ 
taken,  and  several  large-scale  engineering  programs 
are  underway  involving  the  expenditure  of  hundreds 
of  millions  of  dollars  to  abate  the  pollution  of  these 
estuaries.  In  the  metropolitan  area  of  New  York 
City  the  communities  have  spent  or  are  planning  to 
s|>end  in  excess  of  a  billion  dollars  for  waste  treatment. 

POLLUTION  LIMITS  WATER  USF- 

Pollution  has  taken  its  toll  in  the  last  half  century. 
Many  oyster  and  clam  beds  have  disappeared  or  have 
been  closed  because  of  pollution.  Many  fishery  areas, 
wh?re  the  sjiorts  fisherman  could  depend  on  catching 
a  variety  of  fish,  have  disapjieared.  Man  must  go 
farther  and  farther  afield  for  his  shellfishing,  sport 
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fishing,  swimming,  and  boating.  Bathing  areas  have 
moved  farther  and  farther  away  from  the  center  of 
the  communities  on  the  estuaries.  Bathing  beaches 
which  were  once  convenient  to  the  centers  of  popula¬ 
tion  in  New  York,  Philadelphia,  and  Boston  have 
been  closed,  and  the  populace  now  must  drive  consid¬ 
erable  distances  in  order  to  use  the  beaches.  Com¬ 
mercial  fishery  prospects  have  also  been  dimmed  by 
the  specter  of  pollution.  The  runs  of  fingerlings  have 
been  hindered  in  many  estuaries  by  oxygen  blocks. 
Spawning  areas  have  become  polluted  in  many  cases. 

The  sanitary  scientist,  in  his  fight  to  hold  the 
ground  against  the  incursion  of  pollution,  finds  a 
dearth  of  information  in  many  areas  in  which  he 
works.  It  is  difficult  to  estimate  the  flow  in  an  estu¬ 
ary.  There  is  no  readily  available  tool  to  enable  the 
sanitary  engineer  to  calculate  easily  the  dilution  fac¬ 
tors.  The  sanitary  chemist  is  faced  with  insufficient 
knowledge  of  the  application  of  standard  sanitary 
chemistry  testing  procedures  in  salt  water.  Many 
tests  cannot  be  run  at  all  because  of  high  concentra¬ 
tions  of  salts  interfering  with  the  test  procedures. 
Other  tests  have  been  modified,  but  few  have  been 
fully  tested.  Additionally,  the  effect  of  stratification 
of  salt  v/ater  or  of  thermal  gradients  may  create 
serious  problems  in  trying  to  obtain  sufficient  dilution 
of  the  waste  even  after  treatment. 

The  sanitary  microbiologist  is  faced  with  some 
serious  questions  about  the  growth  cycles  of  various 
pollutional  bacteria  in  salt  waters.  Much  has  been 
written  which  indicates  the  toxicity  of  salt  water  to 
many  species  of  pollution  organisms,  but  there  are 
also  conflicting  suggestions  which  indicate  that  many 
species  may  exist  in  salt  water  for  longer  periods  than 
may  be  expected. 

The  sanitary  biologist,  in  turn,  faces  the  problem 
that  here,  in  the  waters  wh  re  the  sea  meets  the 
land,  many  freshwater  and  saltwater  species  may 
exist,  and  what  may  appear  to  be  in  fresh  water  a 
preponderance  of  an  organism  due  to  pollution  toler¬ 
ance  may  in  reality  be  a  tolerance  caused  by  saline 
conditions.  The  pollution-tolerant  marine  organisms 
have  not  been  fully  annotated  or  identified. 

The  use  of  dyes  to  measure  dispersion  in  an  estu¬ 
ary  is  of  considerable  interest  to  the  sanitary  engi¬ 
neer,  although  much  needs  to  be  done  to  enable  the 
sanitary  engineer  to  interpret  the  information  when 
it  is  collected  more  accurately.  Hydraulic  models 
have  been  developed  to  a  point  where  they  may  dupli¬ 
cate  hydrological  information  for  an  estuary.  The  ap¬ 
plication  of  these  models  might  provide  valuable  in¬ 
formation  if  a  more  realistic  method  were  available 
for  evaluating  the  diffusion  of  the  various  types  of 
estuarine  materials. 

WASTE  AND  WATER  MAKE  A 
COM  1 'I.EX  MIXTURE 

it  must  be  remembered  that  the  sanitary  scientist  is 
dealing  with  a  mixture  of  materials  which  he  com¬ 
monly  refers  to  as  municipal  or  industrial  waste.  The 
admixture  of  this  conglomeration  with  the  mixture 


of  materials  that  exists  in  salt  water  compounds  the 
problem  even  further,  so  that  we  have  an  extremely 
complex  combination  which  is  difficult  to  characterize. 
Removal  from  the  system  can  be  effected  by  sedimen¬ 
tation,  possibly  including  coagulation  and  flocculation. 
It  may  be  removed  by  diffusion,  chemical  interaction, 
or  biochemical  or  biological  conversion.  Another  pos¬ 
sibility  is  that  it  may  remain  intact  within  the  estu¬ 
ary.  Materials  entering  the  estuary  may  also  act  as 
nutrients  to  the  animal  or  plant  life  present  in  the 
estuary  and  create  noxious  conditions  such  as  the 
overgrowth  of  algae  or  other  plantlike  material.  The 
sedimentation  of  large  quantities  of  material  in  the 
estuary  can  create  problems  of  silting-in  of  existing 
channels,  sediment  covering  shellfish  beds,  or  even 
possibly  large  quantities  of  organic  materials  which, 
as  it  degrades  anaerobically,  may  in  the  future  create 
a  demand  on  the  oxygen  resources  in  the  system. 

Our  theoretical  knowledge  of  the  estuaries  is 
limited  by  the  inadequate  data  that  are  available,  and 
our  empirical  knowledge  is  limited  by  the  difficulties 
in  sampling  and  the  small  number  of  studies  which 
have  been  conducted. 

A  considerable  percentage  of  the  work  conducted 
by  oceanographic  institutions  is  in  the  ocean  waters 
lying  off  the  continental  shelf,  but  very  little  work  is 
being  done  in  the  estuary  proper.  If  we  might  re¬ 
orient  some  oceanographers  to  the  problems  we  have 
here  on  our  own  shores,  we  might  make  a  significant 
impression  on  the  problems  that  face  us  in  this  area. 
We  need  active  work  in  the  area  of  tidal  hydraulics 
of  the  estuary  so  that  we  may  adequately  concern  our¬ 
selves  with  the  volumes  of  water  that  are  available 
for  the  movement  of  the  waste  materials  to  the  sea. 
We  need  a  comprehensive  evaluation  of  bioassay  tech¬ 
niques  to  determine  the  effects  of  the  admixture  of 
waste  within  the  estuary.  We  also  need  an  evaluation 
of  what  might  naturally  exist  in  the  estuary  prior 
to  the  defilement  of  the  environment  by  man — by  so 
doing  we  might  be  able  to  estimate  the  changes  that 
have  been  brought  about  by  the  advent  of  man  and 
his  waste. 

PROGRESS  MADE  IN  METHODOLOGY 

In  spite  of  some  lack  of  interest,  we  have  been  mak¬ 
ing  gains  with  these  problems  over  the  past  few  years. 
We,  in  the  Raritan  Bay  Project,  have  been  faced 
with  the  problem  of  developing  scientific  data  describ¬ 
ing  the  |K>llution  of  the  Raritan  Bay  area,  an  estuary 
of  the  Raritan  River-Hudson  River  complex.  In  the 
process  of  our  studies,  we  have  developed  and  tested 
some  modifications  of  existing  testing  procedures.  In 
chemistry,  a  modified  COD  test  as  well  as  a  modifi¬ 
cation  for  the  nitrate-nitrite  test  is  being  used.  We 
have  also  been  exploring  the  possible  use  of  ion- 
exchange  resins  for  the  concentration  of  trace  ma¬ 
terials. 

Microbiologicallv.  the  use  of  the  membrane  filter 
in  sea  water  has  given  us  the  same  degree  of  accuracy 
previously  attained  in  freshwater  work.  Biologically, 
our  biologist  has  been  able  to  separat;  and  identify 
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some  organisms  which  appear  to  be  pollution-tolerant 
in  marine  waters.  The  species-numbers  relationship 
appears  to  be  highly  significant  in  demonstrating 
whether  polluted  conditions  exist  or  not.  Studies  con¬ 
ducted  of  sediments,  sediment  size,  and  geological 
makeup  have  been  valuable  in  determining  patterns 
of  inflow  into  the  bay  system.  The  use  of  photo- 
fluorescent  dyes  and  hydraulic  models  has  also  as¬ 
sisted  in  solutions  to  the  hydraulic  problems. 


Other  Public  Health  Service  studies  currently  un¬ 
derway  have  developed  a  mathematical  model  of  the 
dissolved  oxygen  system  for  that  estuary  which  ap¬ 
pears  to  permit  forecasting  of  water  quality  condi¬ 
tions  with  sufficient  accuracy  so  that  remedial  meas¬ 
ures  may  be  taken  in  time.  Studies  are  under  way  on 
the  Chesapeake  Bay  and  the  estuaries  of  the  Southeast 
that  will  permit  comprehensive  planning  for  water 
pollution  abatement  in  estuaries. 


The  Sense  of  the  Meeting 

JOEL  W.  HEDGl’KTH 

Pacific  Marine  Station,  (,'aft  verity  of  the  Pacific.  Dillon  Beach.  California * 


"Wend  now  thy  way  with  brow  serene,  fear 
not  thy  humble  tale  to  tell : — 

The  whispers  of  the  Desert-wind  ;  the  Tinkling 
of  the  camd's-bell." 

Burton :  The  Kasidah 

"The  best  laid  plans  o'  mice  an’  men  gang  aft 
agley”,  sometimes  not  so  much  for  the  worse  as  some¬ 
what  differently  from  what  was  anticipated.  So  it 
was  with  this  conference,  which  was  originally  in¬ 
tended  to  be  somewhat  less  formal  and  comprehensive 
m  sco{>c,  and  so  understanding,  I  consented  to  attempt 
an  ad  hoc  summary.  However,  interest  in  the  meeting 
increased  to  such  an  extent  during  the  organizational 
period  that  plans  went  into  the  exponential  phase. 
Some  85  papers  were  arranged,  many  in  concurrent 
sessions,  with  some  sessions  lasting  late  into  the  eve¬ 
ning.  Xo  one  person  could  absorb  all  this  information 
in  a  week,  and  an  adequate  summary  of  all  this  would 
mean  writing  a  book  an  the  subject,  which  would  be 
superfluous  in  a  book  already  containing  these  papers. 

Some  people,  among  them  perhaps  those  who  would 
not  attend  for  one  reason  or  another,  profess  not  to 
see  much  sense  in  large  conferences,  hut  there  was  a 
great  deal  of  sense  to.  and  sense  of.  this  meeting.  One 
thinks  of  this  in  the  Quaker  idiom,  in  which  the  sense 
of  the  meeting  is  conveyed  by  a  spokesnan  or  perhaps 
simply  inferred  by  a  bystander  who  has  heard  about 
what  went  on.  The  seme  of  this  conference  on  estu¬ 
aries  is  that  of  common  interest  and  concern  for  the 
problems  of  estuaries — this  is  what  brought  us  all 
together.  At  the  same  time,  however,  although  w t 
devoted  a  fair  amount  of  time  and  thought  to  defining 
our  terms,  there  was  no  feeling  of  need  for  a  com¬ 
mon  term  for  a  diverse  and  somewhat  amorphous 
group  of  people.  There  is  no  term  for  a  student  of 
rstuarte*  or  the  science  of  studying  estuaries,  and  no 
one  seriously  proposed  any  word  for  it.  This  certainly 
suggests  that  we  are  still  in  the  happy  state  of  being 
more  interested  in  what  we  are  doing  than  in  trying 
to  build  semantic  empires. 

We  did  have  some  difliculty  in  agreeing  about  what 
we  were  working  in.  that  is.  in  defining  an  estuary. 
From  a  strict  limitation  to  tidal  influence — but  not 
necessarily  salt  water,  as  Caspers  proposed  from  the 
example  of  the  Elbe — we  ranged  to  the  imperial  (if 

•  Mow's  vu  TVs  !—■  117  was  pnwawd  V  Or  ttr4t**sS  M 
tV  cVsr  *f  IV  c— l»w—  m  Krafts*.  <<kr>  Mvd.  K—rgis 
*V  tlW—  «.  wVA  Om  si—  is  Wvt 

*  haw  illmi :  Kmw  Inn  I  ilwmip.  Onpr  ton  l’»- 
orsHr,  Sispiit,  nr*f«. 


not  empirical)  assumption  of  the  Atlantic  Ocean  as 
an  estuary.  We  were  reminded  that  from  the  fishes’ 
eye  view  the  estuary  may  extend  as  far  into  the  ocean 
as  a  salmon  might  detect  the  influence  of  land.  As 
McHugh  pointed  out,  this  could  include  an  extensive 
part  of  the  North  Pacific  Ocean.  If  an  estuary  must 
be  tidal,  then  what  is  such  a  body  of  water  as  the  Sea 
of  Azov,  the  estuary  of  the  Don,  which  flows  into 
the  essentially  tideless  Black  Sea  ?  Indeed,  in  ail  our 
good-humored  differences  about  the  definition  of  an 
estuary  little  consideration  was  given  to  the  Sea  of 
Azov,  whose  annual  salindy  regime  is  influenced  by 
the  removal  of  fresh  water  from  the  system  by  freez¬ 
ing  in  winter.  In  any  event,  we  ran  have  estuarine 
condition*  without  an  estuary;  the  groundwater  flow 
into  parts  of  Biscayne  Bay  is  an  example  of  such  a 
situation. 

What  is  an  ideal  estuary?  Is  this  something  like 
trying  to  define  ‘’normal”  climate  ?  It  has  been  pointed 
out  by  someone  that  the  “normal'’  climate  is  the  cli¬ 
mate  of  your  formative  years.  All  other  climates  are 
different  and  therefore  not  “normal”.  From  this  it 
would  follow  that  the  t-lerl  esf„..ry  tlat  of  y«ur  own 
local  experience.  For  me  this  would  be  that  narrow 
tidal  creek  between  Alameda  and  Oakland  on  the  east 
side  of  San  Francisco  Bay  called  the  Oakland  Estu¬ 
ary.  While  it  does  have  a  sort  of  estuarine  pond. 
I-ake  Merritt,  and  C ordyiofhom  and  iiereierrila  oc¬ 
cur  in  it,  it  it  r»ra’!>  no  one’s  idea  of  what  an  ideal 
estuary  ought  (j  be.  After  the  first  few  defimltons 
had  been  offered,  sums.’  of  us  began  to  wonder  if  vrr 
haii  really  come  to  the  right  conference.  The  best 
exj*r extion.  however,  was  that  of  Margmlef.  who  re¬ 
minded  us  that  estuaries  are  a  special  manifestation  of 
the  mixing  poerw  and  that  U  study  estuaries  by  the 
ectwv  stent  approach  is  a  useful  and  essential  way  to 
bridge  the  gap  between  structure  and  function.  There 
are  oniriri  opinions  and  viewpoints  that  are  in¬ 
spired  by  the  conviction  that  srnecotogical  and  eco¬ 
system  approaches  are  too  complicated  for  meaningful 
results  as  long  as  sre  do  not  understand  enough  about 
the  individual  species  and  factors  in  nature.  But  as 
far  at  estuaries  are  concerned,  it  is  obvious  that  we 
must  treat  them  as  complex  systems,  especially  in 
populated  areas  where  they  receive  the  greatest  shock 
assault  of  avail's  me  resting  population  and  industrial¬ 
isation-  They  are  mdred  the  septic  tank  of  the 
megalopolis 

We  cannot  overestimate  Jus  problem  of  pofhrtKm 
to  the  future.  aJthoofh  it  may  hare  been  tne  tft  the 
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put  that  a  link  pollution  (at  kast  of  potentially  nu¬ 
trient  material)  it  a  good  thing  for  an  estuary.  We 
are  adding  new  pollutants,  some  of  them  of  unknown 
long-term  effects,  at  an  exponential  rate.  In  this  con¬ 
text  we  should  remind  ourselves  that  any  one  who 
would  have  said  in  1900  that  the  automobile  would  be 
a  major  source  of  pollution  and  would  make  a  city 
the  sise  of  Lot  Angeles  uninhabitabk  for  many  people 
would  have  been  laughed  at  for  his  view  of  alarm. 
We  no  longer  have  60  years  to  study  these  problems. 
(The  Thames,  for  example,  has  been  polluted  lor  the 
last  hundred  years,  but  adequate  study  of  the  problem 
was  not  begun  *mtil  1949.  After  IS  years  the  report 
was  published.  "We  are  now  at  the  point  where  it  is 
possible  to  predict,  with  a  fair  degree  of  certainty, 
what  the  effect  would  be  of  making  any  of  a  wide 
variety  of  changes  in  the  imposed  conditions  .  .  .  For 
the  first  time  in  the  United  Kingdom,  control  of  po¬ 
tion  in  an  estuary  will  be  based  on  quantitative  predic¬ 
tions  of  the  effects  of  individual  discharges."  U'.ame- 
son.  1964).] 

It  is  obvious  that  we  must  approach  the  problems 
of  estuaries  in  a  reasonably  holistic  or  synthetic  way. 
This  conference — and  its  published  proceedings — 
should  provide  us  with  some  idea  of  things  we  must 
know  and  do  to  understand  estuaries  Of  course,  we 
need  more  attention  to  systematica,  especially  since 
we  often  seem  to  be  dealing  with  pairs  and  complexes 
of  closely  related  organisms,  and  we  critically  need 
some  caordinated  physiological  studies  of  widely  dis¬ 
tributed  species  that  may  or  may  not  hare  separate 
races  in  different  estuaries.  Of  all  the  specialists  in¬ 
volved  in  studying  the  estuarine  system,  the  sedi- 
'.uentolcgists  appear  to  be  more  satisfied  with  their 
conception  oi  the  processes  they  are  studying  than  are 
many  oiler  people.  This  docs  not  mean  that  they 
considrr  that  their  work  is  done — for  sedimentation 
is  as  contmoosu  as  any  other  estuarine  process 
Kvervone  is  looking  for  a  better  instrument,  like  a 
philosopher's  stone.  As  expensive  as  they  may  be. 
however,  fancy  black  boxes  are  not  better  than  the 
watcher  oi  the  box  The  temptation  to  leave  it  all  up 
to  the  black  box  can  lead  into  a  circular  situation  tn 
which  it  it  not  clear  who  has  the  upper  hand — the 
Mack  box  of  the  observer  of  the  box  who  modifies 
his  obscrsations  according  to  the  readings  on  the 
dials.  In  an'  event,  there  teems  to  be  a  limit  to  this, 
as  ansrute  who  tries  to  keep  within  reach  oi  a  speak 
re's  microplione  on  a  short  ford  sunn  realirr-s  IVr 
haps  fish  and  copepod*  at  well  at  ions  and  molecules 
will  be  more  reasonable  than  men  and  obligingly  pre¬ 
terit  them  tel  vet  to  tbe  tensor  oi  the  box  in  easily 
identifiable  postures 

What  we  are  looking  foe.  whether  in  sediments 
water  mixing  toarpods.  pbsttology.  dnlreti*.  pnihi 
Itan.  or  kumi  natural  history,  it  a  way  tn  undrr 
stand  the  processes  While  no  two  estuaries  are  idm- 
leal,  the  er*ws  stem  ran  hr  defined  mughlv  at  follow* 
The  rstuatine  ecosx  stem  it  a  mixing  region  between 
tea  and  inland  crater  of  such  shape  and  drpfh  that  the 
net  resident  t*mr  of  suspended  mater  .ait  exceeds  the 


flushing.  Thus  the  system  constitutes,  as  Ketchuni  lias 
pointed  out.  a  nutrient  trap.  It  is  furthermore  a  sys¬ 
tem  in  which  control  by  the  bottom  materials  is  the 
dominant  influence,  as  Ferguson  Wood  has  pointed 
out  at  this  conference  and  on  a  number  of  other  occa¬ 
sions.  Indeed  the  most  interesting  contributions  to 
our  understanding  '  estuarine  processes  nude  at  this 
conference  are  in  the  fields  of  detritus  and  the  physi¬ 
cal  processes  of  accumulation  against  a  gradient,  as 
elucidated  by  1‘ostma. 

It  is  in  this  context  of  dominant  influence  by  sedi 
tnentary  processes  and  the  detritus  cycle  that  the  im¬ 
portance  of  benthic  molluscs  in  estuarine  ecosystems 
is  best  considered.  We  find  indications  of  the  sig¬ 
nificance  of  infauna  bivalves  in  such  diverse  environ¬ 
ments  as  the  Sea  of  Axov  (Zenkevitch,  1963)  ami 
the  I  Madre  of  T*-va«  In  other  areas,  such  as 

marshlands,  mangrove  swantps,  and  the  European 
wraddens.  the  most  significant,  and  potentially  govern¬ 
ing.  factor  of  estuarine  productivity  (at  least  from 
man’s  viewpoint)  are  such  organisms  as  detritus- 
feeding  gastropods  like  Cerithiids  ami  BatUUria,  ami 
the  Hyrfrobiid*.  as  w  -il  as  such  bivalves  as  oysters 
ami  molluscs.  When  one  remembers  the  anaerobic 
condition  ol  bottom  sediments,  it  is  easy  to  see  whs 
this  sliould  be  so.  ami  Kanwisher  I  1962)  has  put  it 
most  concisely  Molluscs,  especially  bivalves,  are 
equipped  not  only  to  bring  in  oxygenated  water  but 
to  close  themselves  off  irom  the  environment  during 
periods  of  unfavorable  conditiors.  Since  they  are  not 
mobile,  bivalves  serve  as  bmli  ral  integrators  of  the 
fluctuating  processes  of  nutrient  su(»ply  :.nd  -rgencra 
tion  in  their  environment,  and  the  abundance  of  bi 
valves  is  douhtlcss  a  *?;i"*vt  indication  of  tbe  nugm 
trnle  of  the  nutrient  ami  detritus  cycles  of  the  estuary. 
The  significance  oi  the  scum-  and  dctr'tus-fceslsng 
gastropods  is  also  great  ami  we  had  as  a  commentary 
during  the  detritus  session  the  interesting  story  oi 
recent  observations  <«i  //Wn4u  i  t-ea/roM,* )  which 
can  subsist  m  part  on  its  own  fecal  pellet*  alter  micro 
bial  activ  ily  has  increased  the  protein  content  of  the 
pellets.  Possibly  (.'crithtnls  can  also  do  this.  While 
t  is  not  exactly  perpetual  nvtAtc.  i.  it  is  an  interesting 
indication  of  bow  the  fond  rests  tees  of  the  estuarine 
etn  ineimmt  may  be  rxph«!ed  to  their  maximum,  it 
is.  of  course,  a  turn  turn  of  the  comparatively  shallow 
depth  <»S  ntiufin  atm)  t trial  flat*  that  the  nujor  ctm 
tr«4  of  the  cesisv stem  should  he  that  of  live  aetivitv  nt 
pfvewn  on  ami  tn  I  Ik  Imttuir.  sediments 

Theft  are  among  us  m  every  field  of  Imiujr  those 
who  seek  to  simplify  natural  prreessrs  by  numbers 
It  wtwtkl  be  very  useful  if  we  could  have  a  few  magic 
milliters  and  equatifms  to  take  the  place  of  all  this 
complex  it-  and  confusion  Tbe  search  for  r  mystical 
mdrx  nunshrr.  scene  neat  and  precise  war  to  cate 
fonrr  a  natural  situation,  hat  occupied  many  reedo 
gists,  and  students  of  estuaries  are  n>4  irnmutw  It 
would  be  r.«re  if  we  could  agree  <*  site  such  non- 
her — if  would  errtainJt  sate  us  from  those  «!«dr*  with 
illegible  ctdumns  of  typewritten  numbers  of  interest 
on'«  to  those  wrth  tbe  instinct  of  bookkeepers  and 
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perhaps  from  listening  to  earnest  young  speakers  who 
feel  compelled  to  read  pages  of  data  to  their  audience. 

However,  there  are  dangers.  We  have  yet  to  agree 
upon — or  even  understand — the  meaning  of  P/R  ra¬ 
tios,  Os  consumption,  pH  and  Eh  values,  and  chloro¬ 
phyll  and  photosynthesis  counts.  At  the  present  state 
of  our  knowledge,  these  are  all  useful  as  indications, 
and  it  was  clear  from  the  detritus  discussion  in  par¬ 
ticular  that  measurements  of  simple  organic  content 
do  not  necessarily  tell  us  what  is  really  going  on  in 
the  sediments — these  numbers  that  we  get  are  by  no 
means  all  the  story.  Yet  when  these  numbers  get  in 
the  hands  of  public  officials  they  may  cause  difficulties, 
especially  if  the  recommendations  c?  the  scientist  are 
not  too  carefully  considered.  A  case  in  point  is  the 
apparent  overconfidence  in  photosynthesis  as  a  meas¬ 
ure  of  productivity  and  of  potential  economic  value 
in  an  estuary,  which  leads  to  recommendations  which 
Rounsefell  (1963)  considers  would  constitute  “remov¬ 
ing  the  most  important  cog  from  the  estuarine-conti¬ 
nental  shelf  complex  and  substituting  therefor  a  pol¬ 
luted  basin  of  green  slime". 

[  In  this  context,  see  Ferguson  Wood.  1956:  “When 
we  consider  the  limitations  of  our  knowledge,  it  is 
obvious  that  the  random  fertilization  of  estuaries  and 
lagoons  to  produce  fish  is  likely  to  prove  costly  and 
wasteful,  so  that  a  thorough  fundamental  knowledge 
of  the  processes  involved  is  essential  to  economic  hus¬ 
bandry  ....  It  will  be  a  long  time  before  the  produc¬ 
tivity  of  estuarine  environments  will  be  fully  under¬ 
stood,  and,  though  ad  hoc  measurements  of  produc¬ 
tivity  may  be  made  by  existing  techniques  adapted  for 
the  purpose,  such  measurements  will  not  allow  us  to 
predict  until  we  understand  the  dynamic  forces  of  the 
problem.”  (In  the  example  mentioned  by  Rounsefell, 
the  faith  in  the  significance  of  the  numbers  seems  to 
be  associated  with  ideas  of  efficiency  and  maximum 
power  output  of  the  biological  system.  Such  abstract 
ideas  are  not  necessarily  related  to  actual  systems,  and 
the  anthropocentric  notion  that  they  are  is  a  gratu¬ 
itous  assumption  that  we  understand  the  purpose  of 
nature.)] 

All  our  numbers  at  the  present  state  of  the  art 
must  be  tempered  with  “intuition,  imagination,  and 
guesswork”,  and  a  sense  of  proportion.  When  a 
“simple-minded  equation”  gives  an  answer  that  is 
almost  too  pat,  we  should  be  skeptical  of  the  answer, 
as  Riley  indeed  said  of  his  own  results. 

Nevertheless,  we  do  need  numbers,  and  good  ones. 
Anyone  who  has  had  to  appear  at  a  public  hearing  or 
prepare  a  report  for  some  commission  realizes  how 
useful  a  few  concise  numbers  can  be,  and  it  is  hoped 
that  we  will  continue  our  search  for  them,  but  with 
realistic  moderation. 

Do  estuaries  have  a  future  ?  Russell  is  of  the  opin¬ 
ion  that  “neither,  the  past  nor  future  of  estuaries  is 
very  promising.”  This  may  be  true  from  the  view¬ 
point  of  a  friend  of  the  Pleistocene,  but  there  must 
have  been  estuaries  in  other  geological  periods  beyond 
even  the  moderately  long  view  of  those  whose  concern 
is  with  the  transitory  phenomena  of  the  Quaternary. 


[There  is  good  evidence  for  estuarine  conditions  dur¬ 
ing  a  considerable  part  of  mid-Pennsylvanian  time, 
for  example.  Undoubtedly,  there  have  been  estuaries 
as  long  as  salt  water  has  been  brought  into  lowlands 
bv  transgressions  of  the  sea  (Zangerl  and  Richardson, 

1963).] 

Several  of  those  who  have  ventured  to  speculate 
upon  the  origin  of  life  find  the  most  plausible  hy¬ 
potheses  to  be  those  involving  “habitats  of  low  but 
perhaps  variable  salinity”  (Hutchinson,  1961),  or 
that  surface-active  molecules  from  which  life  may 
have  become  organized  were  most  likely  to  be  con¬ 
centrated  in  a  mud,  “particularly  on  estuarine  mud” 
(Bernal,  1961).  Whether  the  estuaries  of  the  present 
have  had  much  past  or  have  much  future  is  a  question, 
therefore,  of  concern  to  a  geologist;  it  seems  obvious 
to  biologists,  especially  those  who  have  studied  eury- 
haline  species  and  the  distributions  of  inland  or  fresh¬ 
water  forms  related  to  predominantly  marine  groups, 
that  estuaries  are  not  the  peculiar  phenomenon  of  our 
own  epoch.  f 

The  greatest  danger  to  our  estuaries,  as  far  as  we 
are  concerned,  is  not  from  the  inexorable  process  of 
the  earth,  but  from  the  activities  of  our  own  kind. 
The  future  of  estuaries  is  indeed  bleak  if  we  do  not 
reform  our  ways,  as  Cronin  said  so  eloquently.  In 
California  we  may  be  producing  still  another  kind  of 
estuary,  by  diverting  all  the  streams  of  consequence 
in  northern  California  to  Los  Angeles,  where  the 
water  will  pour  out  of  the  sewer  into  the  ocean,  loaded 
with  undesirable  materials.  One  proposal  for  the  op¬ 
eration  of  this  scheme  would  be  the  by-passing  of  al¬ 
ready  contaminated  water  into  the  headwaters  of  San 
Francisco  Bay,  thus  concentrating  the  pollution  of  in¬ 
flowing  waters  so  that  only  polluted  water  would  en¬ 
ter  the  bay,  which  could  bring  about  a  hypcrpollutcd 
system.  Things  are  not  much  better  in  Texas,  where 
a  vast  canal  system  which  would  divert  water  from  all 
the  coastal  bays  into  the  south  is  being  considered.  In 
this  scheme,  the  relatively  clean  river  water  would 
be  replaced  by  used — and  j>olluted — water  from  cities 
and  industries  that  would  drain  into  the  bays.  These 
great  canal  systems  of  Texas  and  California  should 
be  visible  to  the  people  on  Mars — or  did  they  become 
extinct  because  they  tampered  with  their  planet  in 
this  way?  We  are  not  alone  in  such  schemes;  the 
Russians  are  evidently  doing  things  to  the  Don  and 
Volga  systems  which  have  already  had  a  noticeable 
effect  on  the  Sea  of  Azov.  Any  thoughtful  ecologist 
must  view  these  pretentious  plans  with  horror.  Cer¬ 
tainly  their  immediate  effect  will  be  to  hasten  the 
demise  of  our  estuaries. 

Perhaps  we  do  need  a  national  estuary,  dedicated 
for  naturalists  and  for  research,  as  Cronin  suggested. 
However,  which  estuary,  or  which  sort  of  estuary 
could  we  agree  on  ?  This  leads  us  to  some  concluding 
remarks  about  the  ideal  estuary. 

The  ideal  estuary  should  not  be  too  small,  nor  too 
large.  While  a  bight,  which  subtends  slightly  more 
than  100*  and  enables  a  square-rigged  ship  to  leave 
on  either  tack,  may  have  estuarine  characteristics,  a 


710 


ESTUAh.  3:  SUMMARY 


square-rigged  ship  is  not  a  useful  research  vessel 
these  days.  The  size  of  the  ideal  estuary  should  be 
such  that  it  can  be  studied  with  a  vessel  under  the 
length  of  64'11" — since  at  65  feet  the  vessel  must  have 
a  permanent  captain  and  falls  into  a  different  budge¬ 
tary  category.  The  size  should  also  Le  such  that  there 
is  sufficient  work  for  a  coordinated  team  of  half  a 
dozen  research  workers  (including  at  least  one  sys¬ 
tematise)  and  perhaps  a  dozen  students  and  assistants. 

There  would  ha-  e  to  be  tides,  of  course,  and  an 
active  mixing  of  fresh  and  sea  water.  All  this  should 
be  carried  out  in  a  well-layered  exchange  system.  The 
biota  should  include  not  too  many  sy.cies  of  diatoms 
and  other  autotrophes,  replaced  by  successively  smaller 
forms  as  the  season  progresses.  Most  of  the  inverte¬ 
brates,  especially  the  copepods,  should  occur  in  con¬ 
generic  pairs.  Fishes  and  motile  invertebrates  should 
find  the  ideal  estuary  a  prime  nursery  ground,  and  the 
benthic  organisms,  especially  molluscs,  should  occur 
in  such  numbers  as  to  make  the  most  of  the  detrital 
opportunities  of  the  environment.  It  follows  from  this 
that  there  should  be  an  interesting  variety  of  sedi¬ 
ments.  From  the  viewpoint  of  those  of  us  who  have 
never  learned  to  dive,  it  will  not  be  unfortunate  if 
the  turbidity  is  such  as  to  inhibit  the  activities  of  that 
recently  developed  facultative  nektonic  organism,  the 
free  diver. 

Since  we  need  money  to  continue  our  studies  of  this 
ideal  system,  there  should  be  just  a  little  pollution- 
enough  to  justify  the  budgets  for  personnel  and  black 
boxes— and  we  must  conc.de  that  this  is  unavoidable 
anyhow. 

Who  will  work  on  such  an  ideal  estuary  ?  The 
present  e  ^client  company  of  such  a  conference  as 
this,  of  erv  ,e. 


Author'/  Note:  Some  of  the  above  remarks  are  essen¬ 
tially  as  given  at  the  Conference,  but  a  few  changes  hive 
been  inevitable  for  one  reason  or  another.  Several  aiter- 
thoughts  have  been  set  off  by  brackets.  It  will  also  be 
noted  that  these  concluding  remarks  do  not  have  much 
resemblance  to  the  abstract  ol  the  paper  (which  was  pre¬ 
pared  during  a  somewhat  distracted  period),  and  for  this 
1  have  no  real  apol,,ty,  as  the  paper  supporting  that  ab¬ 
stract  was  never  written.  It  is  hoped  that  this  note  will 
at  leasr  explain  to  those  who  have  already  requested  re¬ 
prints  (by  postcards)  why  i:  is  impossible  for  me  to 
send  them  the  paper  they  thought  they  >•  ere  asking  for. 
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4r»mnr\r>-'-  M0 

•I  ’oi 

sUiiHuptyehiis  unauiatus:  293 
Acton  Turvillc  Beds,  channel  lime¬ 
stone  :  211 

Adaptation:  378.  379,  462.  403.  466. 
467,  46)8,  471.  584-585:  genetic.  46)7. 
575 ;  physiological.  474 
Adriatic  Sea :  196,  574,  575,  57<> 
Adsorption,  on  particulate  matter .  368. 
376-377,  459 

Adur  River  (England)  ;  1C' 

Aedes  alternant:  439 
Aedcs  scutcllaris:  439 
.  talcs  vigilax:  439 
.  Icgialitis  a nnulatu  432,  437 
Aegieeias  carnic  utatum:  437.  438,  439. 
440 

.  la/yria  recsi :  299 
Aa/iiipecten  gibbus  nucleus:  495 
.‘equipecten  ir radians  556 
Aequipeclen  i.  aotplicnstatm :  413 
AerO  (  Denmark)  :  144 
Aerobiosis :  459 
Acrumunas :  6>91 
Aeromonas  liquifacicns  690 
.  letalmtis  nannari:  649 
Aetomylaeus  nichofi:  6>49 


Affinity  analyses :  509 
Afognak  Island  (Alaska)  :  592 
Africa :  312,  583,  588 
Afsluitdijk  (  Netherlands)  :  673 
Age  composition  of  fish :  592,  593,  595, 
596,  608 

Agglomeration :  376 
Aggregation :  472,  475 
Agricultural  crops,  comparison  of  yields 
with  estuaries :  600 
Agulhas  Current  6  Africa) :  398 
A  ilia  coda:  650 
Air  pollution :  708 
“Akadja”  fishing  method  :  644 
Alabama :  96,  570,  625,  626,  635 
Alanine :  363,  454 

Alaska:  342,  346,  582,  590,  jl2,  615. 

616;  fjords,  52;  Gulf  of,  582,  616 
Alazan  Bay  (Texas)  :  408,  409,  412 
Albacore :  61 1 

Albemarle  Sound  (North  Carolina): 
5,316 

Alberni  Inlet  (British  Columbia)  :  17, 
21,24,61 

Albert,  Lake  (Australia)  :  124 
Aide  Estuary  (England)  :  104 
Aldrria  modesta:  533 
Aldrin :  677 
Alestcs  nurse:  641 
Aleutian  Islands  (Alaska)  :  590 
Alewives :  594,  600 
Alexandria  (Virginia)  :  114 
Alexandrina,  lake  (Australia)  :  124 
Alg  ic :  290-298,  311-315.  329,  330.  361- 
366,  377.  373.  387,  411,  413,  459,  460, 
461,  462,  466.  473,  494,  601,  655; 
benthic,  291,  459,  655,  656;  blooms, 
678;  communities,  313,  411;  fungi 
on,  303:  metah'-'-'fc-,  353-359,  361- 
366;  physiology,  361,  527;  plank¬ 
tonic.  31/-323;  symbiotic,  372 
Alga  Lake  (Antarctica)  :  347,  348,  349 
Alkalinity :  456,  457 
Alkyl  benzene  sulfonate  (ABS)  :  669 
Allegheny  Plateau;  214 
Allesehena  boydii:  30' 

Alligator  gar :  632 
Alluvial  fans  :  9,  97,  153 
Ah'sa  aestivalis:  593,  609 
.  l/osa  alosa:  It 58 
Alnsa  fallax:  658 
Alosa  mediucris  60 8,  609 
Alosa  pscudnhe  I  ’ni/us  593,  (i09 
Alosa  supidissima :  587,  590,  593.  609, 
670 

tlpheus:  434,  439,  440 
Alphcus  fabric  tus  makayii:  428 
Altamaha  River  (Georgia)  :  565.  566 
.  Ilutera  sch  u  pfi:  608 
Amazon  River:  7,  97,  98;  delta,  97, 
98 ;  drainage,  584,  587 ;  effluent,  329, 
581,  f>36,  sediment  transport,  176 
Ambassis  ambassis:  650 
Ambassis  gymnocrphalus  650 
Ambassis  nama:  650 
Am/wssis  ranga:  650 
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Ambassis  urotacnia:  650 
Amino  acids :  374,  376 ;  excretion  of, 
.363,  364,  458;  free  in  surface  sea 
water,  369;  uptake  of,  367,  368,  369 
Amino  nitrogen :  637 
Ammoastiita  salsa:  283 
Ammobaciilites  c.  assus:  283,  28.5,  287 
Ammonia :  376,  456,  457,  458 
Ammonia  beccarii:  287 
Amphibole :  149 
Amphidinium:  297 
Amphidinium  bipes:  297 
Amphidinium  carter! ■  353,  362,  363 
Amphidinium  crassum:  297 
Amphidinium  cueurbita:  297 
Amphidinium  blebsii:  297 
Amphidinium  operculatum:  297 
Amphidinium  ovum:  Tffl 
Amphidinium  parva:  297 
Amphidinium  rhyncoccphalum:  297 
Amphidinium  seissoides:  297 
Amphidinium  scissum:  297 
Amphidinium  stigmatum:  297 
Ahiphidinium  sulcal  •  297 
Amphidinium  testudo:  297 
Amphidinium  vigrense:  297 
Amphidinium  vitreum:  297 
Amphipoda  (amphipods) :  325,  404, 
413,  415,  4,50,  601 ;  talitrid  amphi¬ 
pods,  401,  403 

Amphiprora  apaludosa:  412 
Amphisia:  299 
Amphisia  multiscta:  299 
Amphiura  fHiformus:  205 
Amphora:  4)1 
Amphorellopsis:  299 
Amphorellopsis  acvto :  299 
Amphorellopsis  tetra'  i:  299 
Amsterdam  t  Nether—,  js) :  659 
Amur  River  (U.S  S.R.)  :  565 
Amypdalum  Papyrus:  412,  413,  414 
Anat’aena:  378 
Auahantidac :  651 
Anabas  testudineus:  65i 
Anaehis  avora  sciriplieata,  413 
Anacortcs  (Washington)  :  693 
Anadara  tranreersa:  413 
Anadromous  animals:  8.  587,  590,  591, 
604,  605,  607-609,  610-611,  612-613, 
614 

Anaerobic  organisms :  293 
Anaerobiosis  (anaerobic  conditions)  : 

303,  455.  456,  457,  459,  46,5 
Analogtics,  laboratory  :  515  521 
Anchoa:  411 

Anrhoa  hcpschts:  415,  608,  609,  633, 
634 

.  Inchon  mitchilli •  590,  609,  633,  634 
Ancbolme  Valley  ( England ) ;  102 
Anchoviella  conmersonii:  649 
Anchoviella  indie  a :  649 
Anchoviella  tri:  649 
Anchovies  411,  590,  600,  601.  609,  610, 
614,  615,  616,  633,  634,  636,  659,  660, 
673 

Anderkla  forest :  105 
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Andesite :  231 

Angaw  Lagoon  (Ghana) :  64C 
Anguilla:  530 
Anguilla  anguilla:  533 
Anguilla  auslrolit:  650 
Anguilla  bengalensis:  650 
Anguilla  rostroto:  609 
Anguilla  vulgaris:  673 
Anguillidae :  650 
Angulus:  204 
Animal  husbandry :  600 
Animal-sediment  relationships :  465-467 
Animal  size  in  relation  to  salinity  gra¬ 
dient;  463 

Anions ;  527 ;  adsonition  on  particles, 
160 ;  membranes,  76 
Anisonema:  294 
Anisonema  emarginata:  294 
Anisonema  grande:  294 
Anisonema  lucent:  294 
Anisonema  marinum:  294 
Anisonema  ovale:  294 
Anisonema  pusillum:  294 
Anisonema  Iruncalum:  294 
Ankistrodesmus  jalcatus :  293 
Annapolis  River  (Nova  Scotia)  :  213 
Annelida  (annelids) :  368,  378,  415, 
494,  526,  528,  635,  659 
Anodontostoina  chacunda:  649 
Anomalocardia  cuncimeris:  412,  413, 
414,  415,  494 

Anomia  simplex:  413,  49b 
Anopheles  amiclus:  439 
Anopheles  faronti:  439 
Ar.cphrchtts  purpuresccns:  591 
Antarctic:  346,  348,  583,  584;  ice,  93, 
98 ;  photosynthesis,  346 
Antennary  glands,  in  ion  regulation : 

543,  547 
Anthelura:  565 
Anlhura:  564 
Anthuroidea:  564 
Antibiotics :  368,  460,  462,  473 
Antigua :  tombolos,  95 
Antillogorgia  acerosa:  494 
Antimetabolites :  301 
Ant  River  (England)  ;  103 
Apalachee  Bay  (Florida)  ;  630 
Apalachicola  Bay  (Florida)  :  220,  549, 
630 ;  morphology,  219 
Apalachicola  River  (Florida)  :  155; 

sediment,  1 55,  222 
Apelles  606,  GO/ 

Aplocheilirhlhys  macrurus:  641 
Aplocheilichlhys  spilenauchena  641 
Aplocheilus  panchax:  650 
Apocryples  halo:  651 
Apngun  gymnocephalus :  650 
Apogon  niijri^inHu:  650 
Apogonidae :  650 
Apseudes:  571 
Apulia  ( Italy) :  576 
Aqaba,  Gulf  of :  94 
Arabian  Sea :  647 
Arabinose,  excretion  of :  363 
Arachidic  acid:  355,  336 
Arachnella  globosa:  299 
Arachon  (France)  :  568 
Aransas  Bay  (Texas) :  411 
-4rr<i  471 
Area  senilis:  643 
Arctic :  471,  502,  582,  584,  590,  611 
Arenieola:  198,  201,  403,  406,  562 
Arenieolo  loveni:  401.  405 
Arenieola  marina:  197,  198,  201,  208, 
209 


Argentina:  583,  587 
Arginine :  369 ;  excretion  of,  363 
Ariidae :  412,  633,  635 
Arkosic  sands :  230 
Arosa  (Spain)  :  661 
Arothron  reticularis:  65 i 
Arlemia:  367,  413,  414,  534 
Artemia  salina:  530,  531 
Artemisia  maritima:  138 
Arthrocncmum:  402,  403,  405,  432,  439, 
440 

Arthrocncmum  hale  enema  ides:  432 
Arthrocnemnm  indiettm:  432 
Arthrocnemum  leiostachyum:  432 
Arthropoda  (arthropods)  :  303,  367, 
415,  423,  425.  426,  427,  428,  495 
Artificial  pass :  408,  418 
Arun  River  (England) :  105 
Ascomycetes :  303-304 
Ascorbic  acid,  lrom  sea  water :  333 
Ascllus  aquatints:  551 
Ashepoo  River  ( South  Carolina )  :  566 
\=bford  (South  Africa)  :  402,  404,  405 
Asia :  582,  583,  600,  613 
.  Iskcnasia  faurei:  299 
.  I  tkrnasia  voir  -ox :  799 
Aspartic  acid,  excretion  of:  363 
Aspidisea:  299 
Aspidisca  eostata:  299 
Aspidisea  hexeris:  29*1 
Aspidisca  leptaspis:  299 
Aspidisca  lynccus:  299 
Aspidisca  polystyla:  299 
Aspidisea  pulchcrrinm :  299 
Aspidisca  turrita:  299 
Assitninca:  402,  403,  405 
Actants  astacus:  531 ,  532 
Astasia  klt'bsii:  294 
Astasia  longa:  294 
Asterias .  533 
Asterias  forbesi:  ,368.  472 
Asterias  glacialis:  533 
Asterias  rubens:  528,  548 
Astcrionclla  japonica:  321,  504 
Aster  tripolium:  13b 
Atcliafaluya  Basin  (Louisiana):  96, 
n7,  117,  1 18 

Atcliafalaya,  Bayou  (Louisiana)  :  623 
Atchzfalaya,  embayment :  96 
Atchafalaya,  Lake  (Louisiana)  :  96. 
97,  98 

Atchafaiava  River  (Louisiana):  97, 
021 ,  fish  ki'ls,  69ft 
Atherina  brevictps:  405 
Ather inidac  (atberinids)  :  4ll,  413,  591, 
635 

Athcrinops  afhnis  a /finis:  411 
Atlantic  Coast  (United  States)  :  9.  10, 
11,  183,  219,239,  624 
Atlantic  coastal  plain:  181 
Atlantic  coastal  ridge  :  488 
Atlantic  Ocean:  571,  581,  582,  583, 
585,  587,  589-591,  597,  598,  602,  603, 
004,610,611,612,  613^615 
Atomic  energy  plants :  452,  672 
Atractnscion  jeqtttdens:  651 
A  Irina  seminuda:  4J3 
Alropus  atrnpus:  650 
Auckland  Harbor  (New-  Zealand)  :  512 
Aufwuchs :  584 
Augite ;  235 
Aurelia  aurito:  415 

Australia  94,  95,  96,  121-128.  583; 
aridity,  121:  coastal  lagoons,  124; 
estuaries,  dynamic  factors,  121-122 ; 
estuaries,  geomorphological  charac¬ 


teristics,  121-128;  river  flows,  121; 
south  coast,  126 
Australis:  433 

Autumn  flowerings :  318 ;  chlorophyll, 
320 

Avicennia:  378,  433,  434,  436,  437,  438. 
439,440 

Avicennia  marina:  432,  433,  437,  438, 
439,440 

Avicennia  •itida:  473 
Avon  Estuary  (Nova  Scotia) :  213 
Avon  River  (Nova  Scotia)  :  213 
Azov,  Sea  of  (U.S.S.R.):  414,  560, 
588  599,  707,  708 

Bacillariophyceae  (diatoms)  :  298,  311- 
314,  321,  362 

Backwaters  (lagoons)  :  648 
Bacteria:  291.  377,  378,  380,  389,  455- 
162,  465,  526,  588;  a.  aerobic  457, 
637 ;  sulfur,  291 
Bacterial  degradation :  365 
Bafa,  Lake  (Turkey)  :  98 
Baffin  Bay  (Texas):  408,  409,  410, 
411,  412,  413,  414,  416,  417,  as  a 
coastal  plain  estuary,  95 ;  photosyn- 
thes:s,  respiration,  and  salinity,  417 
Baffin  Bay-Alazai:  Bay  (Texas)  :  412- 
413 ;  salinities,  412 
Bagarius  bayarius:  649 
Ilagrc  marina:  634 
Bapt  lilac  :  641,  650 
Bahamas  (Atlantic)  :  306 
Bairdiclia  ehrysurc :  609,  610 
Bait :  594,  614 

Baja  California:  219,  220,  223,  591, 
614 ;  sedimentary  materials,  223 
Balacnoptera  acutorostrata:  611 
Balanits:  1*08 

Balanus  amphilrite:  415,  471 
Balanits  balanoides:  468,  470,  550 
Balanits  crenatus:  468,  470 
Balanits  eburneus:  413,  414,  415 
Balanits  improvisits :  470,  471,  473; 
cyprid  larvae,  470 

Baltic  Sea:  3.  95,  129,  239,  273,  416. 
442,  532,  548.  559,  551,  558,  ?6o 

583 ;  recent  sediments,  248 
Baltimore  Harbor  !  Maryland) :  18, 
34,  253.  667,  679 
Bamboo  worm :  371 

Banding  (color)  in  sediments:  193- 
202,  214,  243,  270 

Baptiste  Collette  subdelta  (Louisiana)  : 
117 

Bar :  95,  134 

Barataria  Bay  (Louisiana)  :  117 
Par-built  estuary :  5 
Bar  bypassing :  187 
Bar  drift,  relative  :  189 
Barents  Sea:  551 

Barnacle:  324,  401.  405,  430,  436,  449, 
470,  471,  669,  677,  681 ;  larvae,  469, 
470 

Barncgat  Bay  (New  Jersey)  :  470 
Barnstable  (Massachusetts)  :  108,  113 
Barnstable  Estuary  (Massachusetts): 

109;  reconstruction,  110-111 
Barnstable  Harbor  (Massachusetts)  : 
465,  471 

Barnstable  marsh:  114;  depth  of  jieat, 
112;  reconstruction,  110-111 
Barracuda :  642 
Barrier  beach :  5,  7,  9,  449 
Barrier  islands:  11,  95,  181,  219,  220, 
221.  223,  623;  chain  of,  124 
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Barrier* :  126,  127,  128,  223,  670 
Barring  effect :  139 
Barrinytonia  racemosa:  438 
Basal  lag  concentrate :  216 
Basalt :  231 
Basement  strata :  1°1 
Basidiomycctes :  303 
Basins:  as  characterized  by  source  of 
sediment,  182;  estuarine,  54,  443, 
449 ;  marine,  239 ;  morphology  as  re¬ 
lated  to  homogeneity,  674,  675 
Bass :  large-mouthed,  568 ;  striped,  568 
Bateman's  Bay  (Australia)  :  127 
Bath  Oolite,  channel  limestone:  211 
Balhygobius  fuscus:  651 
Balhygobius  separator:  642 
Balillaria:  708 
Batillaria  minima:  494,  497 
Baton  Rouge  (Louisiana)  :  118,  623 
Batnphora:  497 

Balophora  oerstedi:  494,  496,  49b 
Batraehoides  liber  it'll  sis:  642 
Batrachoididae :  642,  651 
Ilalrat hits  grunniens:  651 
Bay  effect :  139 

Bay  environment  (Gulf  Coast)  :  634 
Bayou :  95 

Bav  Ronde  (Louisiana)  :  117 
Bays :  3,  63,  612,  622 
Bay  systems :  626 

Beach :  deposits,  192-193,  201-204,  219— 
224;  dunes,  181  ;  effect,  139;  miner¬ 
alogy  of  sands,  122;  iiarticle  round¬ 
ness,  233 

Beach  profile:  dominant  sedimentary 
structure,  203 ;  relationships  between 
waves,  tidal  currents,  and  water 
depth,  192 

Beaches :  95.  226,  227,  591,  612,  615 
Bedding:  coarse  rhythmically  lami¬ 
nated,  1%;  fine  rhythmically  lami¬ 
nated,  196;  (laser,  191,  195;  lenticu¬ 
lar,  191,  195 :  megaripple,  194-195 
Bed  load :  9,  149 

Bedrock:  94,  210;  Mississippian,  210; 

Triassic,  210 
Bedrock  basins :  94 

Bedrock  coasts:  tidal  flat  sedimenta¬ 
tion,  216 

Bedrock  slopes:  126 
Bed  roughness :  186 
Btgyiatoa  gigantea:  291 
Bcggiatoales :  291 
Beggiatoa  mirabilis:  291 
Behavior :  benthic  fauna,  463,  464,  466, 
467,  468,  469,  470.  471,  474,  47S: 
nekton  584,  594,  (3)7,  609-610,  612 ; 
need  for  studies  of  molecular  basis, 
475 

Belem  (Brazil) :  97 
Belgium,  ancient  tidal  flat  deposits :  210 
Bclisama  (estuary)  (Albion) :  101 
Bellingham  (Washington)  :  693,  694, 
695,  6% 

Belone  hnultuyni:  641 
Belonidae :  641.  650 
Beloniformes :  653 
Benches,  wave-cut :  21!' 

Bengal,  Bay  of :  1 18,  1  .’9,  583,  647 
Bengal,  West:  653,  656 
Bengucla  Current  ( near  Africa)  :  .398 
Benin,  Bight  of  f  Africa)  :  156,  639 
Benin  River  (AfrLa)  :  639 
Benthos:  412,  442  476,  584,  585,  596, 
599,  (40,  678;  algae,  311,  459,  656; 
computer  analyses,  445,  446-447 ;  dis¬ 


tribution  and  sjieciation,  467,  558- 
576;  juveniles,  447,  472,  473,  475; 
origin  of  estuarine  fauna,  467 ;  re¬ 
lated  to  organic  detritus,  374,  379; 
reworking  of  sediments,  192;  sam¬ 
pling  methods,  444,  445;  spawning 
and  repopulation,  451,  467;  tempera¬ 
ture  considerations,  321,  450-  452 
Bering  Sea;  458,  582,  590,  591 
Bermuda :  391 
Bertie:  356,  357,  359 
Beroe  ovata:  413,  415 
Betsiboka  River  (Madagascar)  :  155 
Bheris :  656 

Biafra,  Bight  of  (Africa)  :  639,  642, 
645 

Bicarbonate,  in  photosynthesis :  459- 
460 

Bicoecidea :  298 

Biesbos  Area  (Rhine  Estuary)  :  149 
Big  Cypress  Swamp  ( Florida )  :  488 
Biloxi,  Bay  of  (Mississippi) :  626 
Bioassays :  700,  702 ;  oystrr  larva,  696, 
69*) ;  pollution  studies,  694 ;  seed  oys¬ 
ters  in  situ,  6% 

Biochromes :  374,  37t> 

Biocides :  668,  675-677 
Bioeoenosis  (biocenosc)  :  7,  473-476, 
571 

Biocolloids :  448 
Biofacies :  283,  412 

Biological  effects  of  humans :  669,  702 
Biological  productivity :  587,  588,  596, 
599-600,  602 

Biological  studies  of  influences  of  pulp 
and  iiaiier  mill  wastes :  694-699 
Biological  variables :  588,  589,  601,  604 
Biomass:  313,  416.  445,  460,  473,  505, 
515,  590,  592.  595-596.  599, 640 
Biota,  ecological  classification  in  es¬ 
tuaries  :  443-444 
Biotin :  460 
Biotite :  231,  235,  247 
Biotope :  456,  4S7,  468,  473,  475,  476, 
575 ;  utilization  as  related  to  compe¬ 
tition,  505 

Bioturbate  structures:  192-193,  197— 
198,  200,  201,  202,  203,  204 
“Birdfoot”  Mississippi  deltaic  system: 
116,  119 

Birds :  related  to  fisheries,  568,  585, 
591,  592,  611 ;  in  yeast  dispersal,  308 
Birkenhead  (England)  :  101 
Biscaync  Bay  (  Florida) :  307,  308,  465, 
466,  488-499,  707;  aquifer,  489;  bi¬ 
ological  zonation,  492-498;  fluctu¬ 
ations  of  chloride  content  in  fresh¬ 
water  discharge,  489-492 ;  salinitv, 
491 

Bismuth,  280 

Bisulfate  in  alkaline  limit  of  photosyn¬ 
thesis  :  459-460 
Bittium  l  arium:  413,  414 
Biuret  method :  389 

Bivalves :  404.  405,  455,  465,  468,  473, 
708;  juveniles,  472:  larvae,  471 
Blaavands  Huk  (Denmark) :  129 
Black  Deep  (England)  :  105 
Black  Sea;  239,  248,  269,  270,  291,  306, 
558,  566 

Black  sediments  in  Chesaiieake  Bay : 
257 

Blacksione  Valley  (Rhode  Island): 
701 

Black  water  Estuary  (England)  :  104 
Blernies:  591,609,  635 


Blenniidac :  651 
Blind  estuaries:  7,  121  398 
Blood :  cationic  regulation,  541 ;  chlo¬ 
ride  regulation,  544,  547 ;  seasonal 
ion  concentrations,  542;  water  con¬ 
tent,  545 ;  water  content  in  Cyathura 
polita,  549,  550,  551 

Blooms:  292,  293,  295,  296,  297,  298, 
300,  311-312,318-320,  678 
Bluefish :  611 
Blue  gill :  568,  605,  606 
Blue-green  algae:. 356,  358,  359,  378; 
amino  acids  and  peptides  excreted 
by,  361 ;  fatty  acids  in,  355,  356 
Blue  runner :  601 

Boca  Ciega  Bay  (Florida) :  675,  676 
Bocana  de  Virrila  (Peru) :  216 
Boca  Vagre  of  the  Orinoco  Delta 
(Venezuela)  ;  tidal  variations  of 
water  levels,  163 
Bodn :  296 
Bodooidea :  298 
Boekotevia:  295 
Bofa  River  (Guinea) :  640 
Boguc  Sound  (North  Carolina)  :  466 
Bolcophthalmus  boddaerti:  651 
Bombay  duck :  648,  653,  654 
Bonga :  640,  642,  643,  645 
Bonito:  611 

Bonne  Anse  (France) :  155 
Bonnet  Carre  Spillway  (Louisiana) : 
622,  635,  670,  671 

Bonneville  Dam  ( Oregon- Washing¬ 
ton)  :  590 

Borgne,  Ijike  (Louisiana)  :  barriers, 
95 

Boring  sponge :  463 

Boron  in  marine  sediments:  214,  276, 
277,  278,  279,  280,  281,  282;  in  plant 
growth,  281 

Boston  (Massachusetts)  :  269,  701 
Bothidae :  413,  641.  651 
Bothnia,  Gulf  of :  3 
Botryllus:  575 
Botryllus  schlosscri:  575 
Bottom  scour :  166 

Bottom  stress  related  to  depth-mean 
velocity :  32 

Bottoms,  ancestral,  as  related  to  lar¬ 
vae  settlement :  475 
Bougainvillea:  413 
Bougainvillea  niobe:  413 
Boundary  layer  theory :  32 
Bounties ;  591 

Bourgneuf,  Baie  de  (France)  :  155 
Bowling  Green,  Cape  (Australia) :  126 
Boxfishes,  spiny :  625 
Brachidnntes  cilrinus:  413,  414 
Bracbidoites  exustus:  412 
Brachiodontes:  494,  497 
Brachiopods:  212,  214 
Brachirus  orientalist  651 
Brachirus  pan:  651 
Braehydeuterus  auritus:  642 
Braehygobius  nunus:  651 
Brachyurans  in  Lagoon  of  Venice :  574 
Brackish  water :  penetration  by  fresh¬ 
water  species,  415,  550 
Brackish  water  .>rganisms,  geographic 
differentiation  in  physiological  char¬ 
acteristics  :  576 

Brackish  waters,  classification:  443 
Brahmaputra  Delta  (India) ;  118,  647 
Bianibe.  (England) :  1C5 
Brandywine  Vailey  ( Pennsyl vania- 
Delaware) :  701 
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Brail  (Nigeria) :  639 
Brazil :  584 

Brazos  Santiago  Pail  (Texas) :  408, 
410 

Breaker  zone :  181,  194 
Bream :  673 

Breccias :  Lower  Eocene,  226 
Bregmaceros  maeclellondi:  648,  650 
Bregmacerotidae :  650 
Breton  estuaries :  150-153 
Brtvoortia:  584,  590,  593,  609,  610, 
616,  634 

Brevoortia  gunteri:  415,  590,  624,  634 
Brevoortia  patronus:  415,  590,  624, 
633,  634 

Brti'oortia  tyrannus:  590,  593,  609, 
610,  629 

Breydon  Water  (England) :  103 
Brine  fly :  414 
Brine  shrimp:  413,  414 
Brisbane  ( Australia) :  432,  433 
Brisbane  River  (Australia) :  128 
Bristol  Bay  (Alaska)  :  582,  590,  613 
Bristol  Channel  (England) :  455 
British  Columbia:  582,  590,  591,  612, 
614,  679;  fjords,  5,  52,  63;  inlets, 
16 ;  salinity  in  fjords,  59 
British  East  Africa :  564 
British  Guiana:  167,  168,  173;  sus¬ 
pended  matter  near  rn-t«t  16#  171 
Brittany:  150,152,156,  213,  570 
Brittlestar :  497 

Broads  (England)  :  103,  104,  105 
Broken  Bay  (Australia)  :  126-127 
Brpns  River  (Denmark)  :  136 
Broomfleet  (England)  :  102 
Brown  shrimp :  662,  691 
Bruguiera:  432,  433,  434,  437,  439,  440; 

forests.  437,  438,  439 
Bruguiera  exaristata:  432.  437 
Bruguiera  gymnorhisa:  432,  437,  439, 
440 

Bruguiera  fan  iflora:  438,  439 
Bruguiera  scxangula:  420,  431 
Bryozoans :  214,  526 
Rubbles  in  particle  formation  .  J/n 
Buccaneer  Archipelago  ,  .’■•dta)  , 

124 

Buenos  Aires  (Argentina)  :  100 
Buffalo  fish :  691 

Buffering  rapacity  of  estuaries :  682 
Bulkheads  in  modification  of  estuaries : 
667 

Bulla  anuulata:  401 

Bulla  laevissima  401 

Bulla  oeeidentalis :  413,  494,  497 

Bulla  rhodastoma :  401 

Bulla  striata :  413 

Burdekin  Delta  (Australia)  :  126 

Burdekin  River  (Australia) :  122,  126 

Bure  River  (  England )  :  103 

Burma :  647 

Burrill  l-ake  (Australia)  :  126 
Burrowers :  473,  474 
Burrows:  192.  211,  215,  4,34,  462,  468; 
in  sand  flat,  202:  with  feral  pellets, 
204 

Bunaria  trnneatclla :  299 
Burialrlla  leachii:  405 
Butis  butis:  651 
Butterfish :  594,  600,  601.  614 
Butterwick  I  England )  :  102 
Buzzards  Ray  (Massachusetts):  267, 
336,  338,  339,  455.  46S,  466,  467 
Byssus :  468,  558 :  gland,  558 


Cadmium :  280 

Caecula  cepha.opcltis  :  641 

Caecum  pulcheUum:  413 

Cairns  (Australia) :  432,  436,  438,  440 

Cairo  (Illinois)  :  94,  622 

Calabar  (Nigeria) :  639 

Calangue :  95 

Calanui  fintnarchicus:  319,  323,  501 
Calanus  hyperborcus:  366 
Calcarenite  :  122, 123,  124 
Calcasieu  I-ake  (Louisiana) :  95 
Calcasieu  River  (Louisiana) :  115 
Calcite :  152 

Calcium:  177,  216,  456,  525,  541,  542. 
544  669 

Calcium  carbonate :  150,  152,  155,  176, 
275,  458 

Calcium  phosphate  :  458,  459 
Calcutta  flndia)  :  654 
California  :  236,  280,  311,  342,  346,  378, 
568,  585,  590,  612,  614,  615,  616,  709 
California  basins :  239,  248 
California,  Gulf  of :  96,  269,  271 ;  gra- 
ben,  94 

California,  southern :  220,  223 
Calkinsia:  294 
Calkinsia  aureus:  294,  301 
CpUiancssa:  198,  398,  403,  677 
CallUmassa  kraussii:  398,  401,  405 
Cnttinunssa  stebbingi:  205 
Callinectcs:  444,  471,  472 
Callinectes  danac :  415,  635 
Callinectcs  latiinanus:  642 
Callinectcs  sapidus:  412,  413,  415,  473, 
495,  533,  595,  604,  625.  634,  635,  669, 
675 

Caloosahatchee  Estuary  (Florida) :  630 
Calves  Pasture  Point  ( Massachusetts ) : 
108,  113 

Calving  grounds :  591 
Cambcrellus  shulfcldtii:  570 
Cambridge  (England)  :  102 
Camcroun :  639,  641,  642,  643,  644 
Caminada  Bay  (Louisiana)  :  623 
Campeche  Banks  (off  Mexico) :  611 
.  aiiiiwhe.  Gulf  of  (Mexico)  :  621,  630 
v,*iu  :a:  ',  j9l,613,  614,  615 
Cancer:  506;  serum  analyses,  507 
Cancer  borealis:  506,  507 
Cancer  irroratus:  506,  507 
Candida:  308 
Candida  albicans.  309 
Candida  catcnulala :  307,  308 
C  andida  guilliermondii :  307,  308 
Candida  hnmicala:  308 
Candiila  intermedia:  307,  308 
Candida  trusci:  307,  308,  3)9 
Candida  marina:  308 
Candida  mycodcrnw:  307,  308 
Candida  norvegensis  309 
Candida  parapsilusis:  307,  308,  309 
Candida  pulcherrima:  307,  308 
Candida  tenuis  J09 
Candida  tropualis:  307,  308,  309 
Candida  seylanoides :  307,  308 
Cane  borers,  control  by  endrin  and 
pollution :  690 

Canvey  Island  l  .itgland)  :  100,  106 
Capacity  adaptation:  definition,  555; 

intterns  of  acclimation,  556 
Caiacity,  as  related  to  sediment  trans¬ 
port  :  106 

Caw  Cod  (  Massachusetts)  :  2ti8,  269, 
270,  321,  412,  496,  502,  549,  566,  569, 
570,  612 


Cape  Cod  Bay  ( Massachuse.ts)  :  108, 
471 

Cape  Cod  Canal  (Massachusetts)  :  80 
Cape  Frio  ( S.W.  Africa )  :  398 
Cape  Hatteras  (North  Carolina)  :  323 
Cag>e  Howe  (Australia) :  121, 123 
Cape  Infanta  (South  Atrica) :  406 
Cape  I>eeuwin  (Australia) :  121 
Capelin :  612 

Cape  Point  <  South  Africa )  :  398 
Cape  Province  (South  Africa):  398, 
405,  406 

Capitcllo  capitata:  401 
Carangidae  (carangids)  :  607,  632,  635, 
(Hi,  650 

Caranx  carangus :  650 
Caranx  crysos:  611,  641 
Caranx  hippos:  415.  Ml,  M2 
Caranx  hit  us:  (4)8 
Caranx  preustus:  650 
Caranx  sansum :  650 
Caranx  senega!  I  us:  Ml 
Carassius  auratus :  681 
Carbamino  carboxylic  acid :  458 
Carbohydrates :  376,  377,  380,  458 ;  ex¬ 
cretion  of,  361 

Carbon:  457,  458,  459,  598,  600;  as 
energy  source,  367 ;  dissolved  or¬ 
ganic.  365 ;  organic,  in  sediments. 
176,  252,  275,  280 

Carbon  (C“)  assimilation:  341,  342, 
343,  344,  361,  368,  369,  370 ;  light  and 
dark,  350 

Carbonates  :  211,  454,  460,  525 
Carbon  dioxide:  374,  376,  448,  456, 
457,  458,  459.  460,  6 62 :  as  a  measure 
of  biological  production,  336-340 ; 
variation  of,  in  natural  water,  337 
Carcliarinidac :  M9 
Carcharinus  gauge  liens:  M9 
(  are  liar  inns  mclanopterus:  M9 
Careharinus  milberti:  (4)8 
Careinides:  472 

Careinus  maenas:  529,  530,  533,  673, 
675 

Cardium  <•</«'••  201  =58,  5^9  673 
Cardium  lamareki:  558,  559 
Cardwell  (  Australia)  :  438,  440 
Caribbean  Sea:  95,  5ti5,  582 
Caridina  graeilirostris :  652,  657 
Carnarvon  (Australia)  :  122 
Carniv  .  ,s  :  benthic.  405,  407,  461  ;  pri¬ 
mary,  5<)8-(4K),  (4)2,  616;  secondary, 
599.  000,  (4)3,  61(i 

Carolina  Bays  ( North  and  South 
Carolina)  :  182 
Carp :  601,  o8l 

Cartier.taria.  Gulf  of  (Australia)  :  127 
Carteria:  292 
Caspian  Sea :  549 

Cassamance  Estuary  (  W.  Africa)  :  040 
Cassamance  River  I  W.  Africa)  :  (>40 
Cassidula:  436 
{  assidula  angulijera  434 
(  assidula  ruga  I  a  434 
Castle  lake  (California):  348.  349, 
350 

Catadromous  animals :  8,  (AM.  (4)7-610 
Catfish:  595,  599.  (4)1.  006.  625.  633, 
034.  M2.  M3,  (44,  (48.  653.  655,  Ml ; 
freshwater.  032.  (42 ;  hardhead.  624 
Cations  :  527 :  in  srdimentation.  160 ; 

membranes.  7(> .  substitution,  160 
Catla  ealla:  649 
Cat ulerpa  494 

Cauvery  Estuary  ( India)  :  654 
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Oils,  optical  density  measurements 

341 

Cellulose :  377,  380,  458 
Censuses :  474 
Central  America :  583 
Cent-al  Valley  (California)  :  223 
Ccntrarchus  macrnp'rrus:  606,  607 
Centropages:  501 
Centropages  hamatus:  323,  501 
Centropages  typicus:  323,  501 
Centro(>onii<Iac :  641,  650 
Ceatropristrs  striatus:  608,  609 
Ccphalocaridcans :  466 
Cephalophalis  taeniops:  641 
Cephalopods ;  601,  604 
Cerataulina  pelagicus:  321 
Crratium:  29 7 
Crratium  falcaiiformc:  297 
Crratium  furca:  2%,  297 
Crratium  jusus:  297 
Crratium  hirundinrlla:  412 
Crratium  longiprs:  297 
Crratium  minutum:  297 
Crratium  tripos:  297 
(  rratimrrns:  402,  403,  404 
Ccratimrrris  rrythrarensis:  404,  405 
Crriops:  432,  433,  434,  436,  438,  439; 

thickets,  432,  437,  439 
Crriops  tirramira:  438 
Crriops  tagal:  432,  433,  437,  438  ,439, 
440 

Crrilhidra:  436 
Ccrithidra  antiripata:  434 
Crrilhidra  fluviatilis:  434 
Crrilhidra  plirulosa:  413 
Cerithiids :  708 

Crritliium  muscarum:  494,  497 
Ccrithium  variahile:  413,  414,  494,  497 
Cetacea :  604,  61 1 
Ceylon  :  564,  648,  652,  657 
Charnra  minor:  299 
Clhirtorrros:  311,  426,  518 
Chartocrros  comprrssus:  321 
Char  toreros  rurvisrtum:  312 
Chartocrros  gahrstoneosis:  355,  357, 
359 

Chartocrros  Urtapirus:  361,  362  363 
Chartun  loj  -  '9.,  361 

Chartodiptcrus  labrr:  606,  607 
Chartodiptrrus  lippei:  M2 
Chartomorpha:  413 
Chartomorpha  linum:  527.  530 
Chanidac :  M9 

Channel:  177,  591,  592.  593,  607,  612; 
erosion,  134-136,  177.  454;  lair  con¬ 
centrate,  215;  meandering,  114,  134— 
134* ;  sediments,  234 
(  hauos:  656 

C  Aumim  chain's  (48.  649,  655,  680 
Characidae :  (41 

Charles,  Cape  I  Virginia)  :  604.  608 
Charleston  (South  Carolina)  :  38 
Chary  Mis  onrntatis:  427.  428.  429,  430 
Chasmodrs  I'osi/uianus  608,  609 
(  hastnodr  r  sahurrar :  495 
Chassahois '"ska  Springs  (Florida): 
493 

Chattanooga  flairs :  258 
Chef  Mrntcur.  pass  ( Irnmiana)  628 
Chela  eat  hius:  M9 
(  he  la  lalmea  649 
C hetonodon  jluvuitdus  651 
!  heUmodo*  fatoea:  651 
Oien.ical  effects,  human  activity :  669. 
670.  675  -678.  679 

Chemical  m< allocation :  biocides.  668, 


675 ;  nutrients,  668,  677 ;  pulp  mill 
wastes,  668,  679;  radioactive  wastes, 
679 

Chemical  signals  (clues) :  472, 474, 475 
Chemostat:  515-517;  correlations  in 
populations,  519;  population  experi¬ 
ments,  517-519 
Chenier:  125,  128,  223 
Chrnolco:  402,  403,  404 
Chert;  231 

Chesapeake  Bay :  4,  16,  18,  27,  38,  71, 
94,  155,  156,  239-259,  283,  285,  292, 
311,  312,  316,  318,  442,  456,  469,  472, 
489,  501,  502,  568,  569,  581,  585,  586, 
588,  590,  593-602,  611,  612,  615,  621, 
625,  626,  6 27,  669,  670,  672,  680,  681, 
683,  703;  chemical  parameters  of 
sediments,  249-256;  chemical  prop¬ 
erties  of  bay  water,  239,  241 ;  circu¬ 
lation  pattern,  239,  241,  489;  miner¬ 
alogy  of  sediments,  247-248;  model 
of  sedimentation,  257;  physical  pa¬ 
rameters  of  sediments,  243,  246;  sa¬ 
linity  (surface)  distribution,  5 86 
Chesapeake  Bay  Institute:  73,  284 
Cliesaiieake  Biological  Laboratory :  594, 
672 

Chester  Haven  (England)  :  101 
Chewonki  Creek  (Maine)  :  569 
Chicken  Key  (  Florida )  ;  492 
Chile :  583,  587 

Chilka  Lake  (India)  :  utilization  of 
catches,  648,  652,  653,  654 
Chilodonrlla:  299 
Chilodonrlla  uncinata:  299 
Chilodoulopsis  caudata:  299 
Chilomonas:  296 
Chilomonas  marina:  296 
Chilomonas  paramecium.  296 
Chiloscyllium  indirum :  649 
China:  564,  583,615 
Chioggia  (.-taly) ;  576 
Chionr  canccllata'  412,  413,  495 
Chipping  Norton  Limestone  (channel 
limestone)  :  211 
Chiroccniridae :  640 
Chirocrntrus  '-••ah  '  649 
Chirorrntrus  hyhselosoma:  649 
Chironomid :  660 
(  hironomus :  414 
Chlamydobartcriales :  301 
Chlamydudun  triqurtrus:  299 
Chlamydotnonas:  292,  426 
Chlordanr :  675 
Chlurella:  292,  362,  363,  364 
Chlurella  pyrenuidosa:  ,362 
Oilotide  1*9,  371,  480,  400,  525,  528, 
541;  regulation,  371.  527-528,  544- 
545.  5(4) 

Chlorine  ted  insecticides :  667  -668 
Chlorinuy  :  4.  74.  78.  171,  173.  456 
Chlorite  152.  lt.l,  176,  177,  247,  262 
Chlorncoeca'es :  292 
(hlorocoeeum  3b2 
Oilorivncnadida  208 
Chlorophyctac  :  ’92.  329.  362.  527.  656 
Chlorophyll  300.  318,  338.  339.  389, 
302,  410.  454.  458,  465,  588.  660; 
winter  flowerings,  318-320 
Chlorophyll  o  318-320.  331,  3J2.  3  J. 
334,  338.  330;  content.  318-320,  533. 
339;  measurements.  330 
Chlarajcombrus  e hr y sums  64| 
Chlorosity :  370,  371 
ChoanoffagellaU :  298 
ChnruUtr Bay  (Texas)  :  313 


Choctaw liatchce  Bay  (Florida):  221, 
222;  sediments.  222 
Choctawhatchee  River  (Florida)  :  115 
Chonophorous  grnivittatHs :  425,  428, 
429,  430 

Chorincmus  sancti  prtri:  650 
Chorinrmus  tala:  650 
Chat  ittrmus  tol:  650 
Chromatography :  369 
Chromite,  magnetite-ilmenite-chromite : 
232,  235 

Chromium  :  276,  277,  278,  279,  281 
Chromosomes,  cyathuran :  570 
Chromulina:  295 
Chruomonus:  295.  296 
Chrysamorba:  295 
Chrysararhnian:  295 
Chrysichthys:  643 
Chrysichthys  (  trains:  641 
Chrysichthys  mgrodigitatus :  641,  642 
Chrysichthys  wa'keri:  641 
Chrysidalis:  29o 
Chrysochromulina:  295,296 
Chrysococcus:  295 
Chrysomonads :  295,  298,  301,  527 
Chrysophycrac :  292,  295,  296,  300,  362 
Chrysopyseis:  295 
Chrysotilc:  153 
Chytridiomyretes :  303 
Cichlidae :  642,  651 

Ciliata  (ciliatrs)  :  293,  298,  301,  459, 
460.  462;  recorded  from  cstuarinr 
situations,  299-300 
Cinctochilum  margaritoceum:  299 
Cinctochilum  marinum :  299 
Circulation:  8,  10.  15,  19,  55,  170.  213, 
236,  449,  450,  452,  456,  469.  470,  471, 
47 2;  effect  of  fresh  water.  4,  15,  16, 
65;  estuarine  types,  4,  16-18;  long¬ 
shore.  449;  physical  factors,  3,  15; 
quantitative  treatment.  19-70;  simi¬ 
larity  solutions,  46-51,  55-58;  tidal 
currents,  15.  223,  236;  transport  of 
sediments,  170-174,  236;  wind  effects 
on,  34.  54 

Cii  .at'  •  ;  .(tc.u  J  estuaries  (See 
related  items) :  salt  wedge.  16, 
213,  two-lav  r  How  with  entrain¬ 
ment,  17;  iwo-layer  How  with  ver¬ 
tical  mixing,  17 ;  vertically  homo¬ 
geneous,  18 

(  irriformia  tenia,  ulata:  401 
Cirriprdia  (barnacles)  :  413,  415,  511, 
574 

Citharichlhys  spilnpterus:  415 
Cithani  hthys  slampflii:  641 
Citharinidae :  Ml 
(  if  Annular  eitharus:  641 
Cilharinus  talus:  641 
Clark*  era  :  379.  380.  500,  601 
(  lade  phot  a :  411,413,414 
Clams :  208,  596,  599.  652 ;  larvae.  455. 
669,  675 

C tanas  lasera  641 
Claridar :  641 
(  loutnaru  mabi/is  294 
CUv  144,  221,  447,  448.  454.  455.  456, 
4$8.  459  465.  466.  467.  489 
Clay  flats :  210 
Oay  fractwm  :  |52.  155 
Clay  minerals:  161.  IT»,  214.  222.  268 
Clay  mineral  suites  221,  222.  223 
Clay -organic  complexes  .  448,  454 
Clay -sized  particles,  boron  ronemtra- 
turns  as  funrtnm  nf  abundance :  281 
Claysr.mr  210.  212 
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Clfiitiulnma  cduvrdsii:  <03,  <02,  <03, 
<0<,  <05 

Cltulosloma  uurdi:  <3< 

Cleveland  Bay  (Australia) :  <32,  «0 
Clibanariks  vtHaluj  <95 
Climate :  227,  228,  236,  S83,  61<;  role 
in  faunal  richness,  399 
Gtnidae  (clinids) :  591,601,651 
Clinux  mprreUiotmt :  651 
Gosed  inlet:  Hutchinson  Island  (Flor¬ 
ida),  190 

Clojlerivpsii  longutitntim:  29 3 
Clnpea  karengus:  533,  590,  608,  616 
Clupea  pallotii:  590,  591,  612,  61< 
Clupeidae  (dupeids) :  590,  591,  59<, 
633,  635,  6<1,  6<3,  6<8,  6<9,  653,  65< 
Clupi.toma  garua :  650 
Guponodonic  acid :  356 
Gyde  River  (Australia) :  126, 127 
Clyntntlla:  368,  369,  370,  371,  372; 

source  of  food,  370 
ClymenrHa  lorquala:  368 
Cnidaria  ( cnidarians )  ■  368,  <9<,  528 
Coaccrvation :  376 

Coal  Measures,  occurrence  of  estu¬ 
arine  deposits :  2t< 

Coarse-grained  matter,  transport  of : 
168 

Coarse  rhythmic  bedding :  196 
Coastal  and  estuarine  current*:  flow 
method  of  measurement.  82;  meas¬ 
ured  by  path,  81-82 
Coastal  plain  estuary  :  <,  15,  37,  <5 
Coastal  plains :  regional  characteris¬ 
tics  as  related  to  distribution  of  es¬ 
tuaries,  9 

Coastal  waters :  603,  61< ;  fertility,  317 
Coasts:  <67.  <71,  <76;  hard  rock,  95; 

high-  and  low-energy,  221 
Cohalamin :  316.  317.  322,  <60 
Cohalt :  276,  277.  278.  279,  281 
Coccochloru:  362,  363 
Coccoltthophoridrs :  298 
Coecnlitkus  huxltyi:  362.  363 
Cochin  (India),  freezing  and  canning 
industries :  654 

Cot'Mjdittium  cahnatum:  297 
C  uhli'diiimm  puh'hvllum:  297 
C«kle  :  558,  M3.  66 2 :  polyhalme  and 
mesohaline  habitats.  558 
Cockscomb  prickleback :  591 
Cick-up:  648,  652 
(  yii  nW/ij  299 
C  I'dimtlla  rra/.r.i  299 
Cutis  :  590.  591.  601 

Coelenterata  tcoelenterates)  :  <13.  <15. 
<28.  601 
(  im/u  :  653 

(  ciliu  f>.  ti<9 

C.dlia  duitmmvn:  M 9 
l  olio i  rumoro/tt  M9 
(Vi/nl  rtynaldi  M9 
I  '.  imt  qnodrifa.t  altar  650 
299 

( \d<pt  ktrltn  299 
IXifpl  puUksr  fii 
(  •>!( pi  fi-ausi  i  2  9 
Coitfurm  organisms  J*i.  3<1.  380 
C'O-wda!  organic  material,  nutritive 
role  of  380 

C.4l«mt.  1M).  376.  377.  380.  <48  <53. 
<54.  <62.  <76 

Colne  Riv«-r  (  Knglan-I  i  104 
Coknntsm  .  142.  <56,  <i>3.  <M.  <67 
Colorado  Fiver  96.  116.  fJC) 


Colorado- Brazos  River  (Texas)  :  115 
(  olpoda  inflaio:  29*1 
C'nlumbrlla  ruiticoides :  494.  <96,  <98, 
<99 

Columbia  River:  236,  581,  582,  590, 
612,  613 

Cotnacchio  (Italy)  :  574 
Community  :  <12,  <66-467,  473-476,  510, 
520 ;  estuarine  benthic,  <72,  474,  <76 ; 
fixed  vs.  vagrant,  520;  integrations, 
474 ;  level  bottom,  <67,  <72 ;  periodic¬ 
ity,  <74;  plankton,  509,  510;  stabil¬ 
ity,  <75,  520 ;  structure,  473,  474 
Compaction:  116,  159;  sand  studies, 
264;  study  of  variability,  261-267; 
testing  procedures,  261-262;  water 
temperature  relations.  Hid 
Com|*tenry(  in  sediment  transport .  166 
Competition :  <72,  516,  597,  600,  602- 
603 

Compony  River  ((iuinea) ;  153 
Compression  curves,  sediment  compact¬ 
ness  studies :  262,  264-265 
Compression  values,  sediment  compact¬ 
ness  studies :  2b3 
Computers :  <74 
Conakry  (Guinea)  :  Ml 
Conch ;  621 

Condenser  cooling  :  672 
Conductivity:  4.  72-74,  <48;  instru¬ 
ments,  74;  measurement,  72 
(  Dndylostonta:  300 
Ci*ndytt>st»ma  palrns:  299 
Congeneric  associates :  502 
(  Dnger  marginaluj:  426,  428,  429 
(  .m./cr  oi  t'jnicus:  608 
Congo  River  (Ren.  Congo)  :  581,  583 
Conversation :  602.  (4)3,  612,  615,  616- 
ol7 

Consolidation  of  sediments:  159 
Continental  slself :  9-10,  11.  115,  155, 
180,  204,  219,  317.  472,  582.  58»  S9|, 
(ill  ;  profile,  11  ;  regional  character¬ 
istics,  9-i0 ;  sediments.  10 
Continental  slope  :  115.  591 
Control  chemicals:  668 
Convection  (in  fjords)  ;  63.  M 
Cook  Inlet  (Alaska)  :  80 
Cook  Strait  (  New  Zealand)  :  512 
Cofentugcn  Harbor  (Denmark)  :  5M 
CofK-jMxla  i  enpepudsi :  300,  413,  415. 
425.  428.  <:<>.  500.  511.  575,  598.  n()0. 
(8)1.  628.  655.  6.59;  calanoMl,  500. 
c.vcuijmtd.  Ss8> :  curyh.  'me  neritic 
323;  Imloplanktixiic,  502;  m  man 
grove  swainii,  425.  42ti.  427.  428. 
ntrasures  o(  ecological  diflerence. 
5()ti;  size  in  rclatum  to  lem|«raturv 
an-,1  (<»«)  s-tptdv.  325 
(  I^er  276.  2.V,  278.  279,  281 
C  .giperav  (pollution)  :  677 
l  opprr  sullale  :  667 
C<«|uillr  I’oint  lOregvm)  :  227 
Coral  reefs :  127 
Coral.  398,  497.  <99 
(  >>n(v(<9<tini  7t)7 

(  iOlpv  5*.  532.  533. 535 

(  '••r.-!kr,m  kvtlnx  .121 
t  ■•rt,  <t  >  b.rrmt  M9 
Coriolis  forsr  In.  17,  18.  19.  2'.  27. 
37.  39.  4J.  44.  45.  52.  <70.  581.  58h 
n2>. 

Comrr  Inset  c  \ustrafiat  122  I2< 
C<ami)sta  ‘  Fngtae-d  i  101) 
t  *anwallis  Kiwi  I  Nosa  *s<>asa  1  21 ' 
t  ,t.  pk ,mm  |97  Vs2.  VJ«.  571.  n7j 


(  urnphium  folulatxr:  197,  200 
Corpus  Cltrisli  (Texas)  :  <08,  <09,  411, 
621 

Corpus  Cltrisli  Bay  t  Texas)  :  95,  408. 

<09.  <11,621 
Correlation  matrix:  510 
Correlation  of  biological  and  physical 
variables :  589 

Ciiscinodiu  us:  293,  311,  6<0 
insnnoducui  hit  union:  659 
Cnicmndut  us  uvih'sii:  513 
Cost  of  fishing:  (ill,  613.  616 
Costa  Kira :  583 
Colkurnia:  29*) 

Colhurnia  plrctc/tyla :  299 
Cotonou  (  Dahomey)  :  640,  Ml 
Colula:  402 
Cowfish :  625 

Cowichan  Rivrr  (British  Columbia): 
273 

Coxliylla  quadrisuleata  2*8) 

Crab:  198.  399.  403,  404,  405,  <06,  417, 
432,  434,  43/i,  450,  472,  473,  526,  530. 
532,  585,  588,  594,  595,  597,  598,  599, 
601,  602.  603,  604,  610.  615,  616,  624. 
625,  628.  635.  M2,  644.  M9.  (.52; 
beach  sand,  471 ;  blue.  412,  493,  625, 
<>27,  <> 32.  634,  (.69,  675,  /|83 ;  blue- 
legged  lagoon  swimming,  M2;  bur¬ 
rowing,  439;  calling.  M2;  cancroid, 
495;  fiddler  435,  439;  grapsoid.  430; 
hairy  lagoon,  M2 ;  hermit.  495  ;  mud. 
412,  532;  portunid,  429;  robber,  434; 
serum  nitrogen  ( ultraviolet  s|iec- 
trum),  506;  shore,  532,  541;  stone, 
625  ;  swimming.  652 ;  wool-handed. 
533 

Crangon  cnnxi.iii;  530,  531.  551 
I'raisnjlrca:  62*);  larvae.  470 
(  rnjji'j/r.  <l  in.  ii//ii6)  4.Vi 
( raisostroi  ui./.ir,  695 
(  rauosUfa  Muirinirila,  jc  40.5 
(  ra.iso.ilr, -a  tiri/iiuVu .  10.  455,  4/>8. 
<69,  471,  472.  473.  556,  5'*),  625.  629. 
635.  609.  (.80 ;  larvae,  <70 
Crayfish :  <2*).  532 
Creek  systems :  113 
C  repidula  r.'Htv.r.i  <94,  497 
(  rt  puiulj  fornwata:  (i81 
Crrpidula  ghu,a  timirxa  <13 
<  ncosphj.  ra  ..ir/cr.is-  ,kC 
(  risfu/t-ra  iiiit/u  ■  299 
(  risliqyra  mi*. if  299 
(  ristig.-ra  pi i,',-*ij  2'8) 

Cristohalitr  27(> 

Croaker  .s'*).  591.  5'iJ,  ?M.  595.  .599. 
«K).  M)|.  olO.  6|4,  615.  h 25.  <*27,  /i28. 
ti32.  /v.U,  tv34.  fvki.  M2  (43  M.9 
Cross -channel  pressure  gi  adicm  52 
(  rojji  >.  <*'■/*.(  /-i/iuf  (49 
l  rm»-secin*ial  stability  189 
Crosi-stretificaliott  210.  214 
t  rotah  Kstiury  i  KitglaiMfl  <42 
C  rustacea  i  crustaceans )  :  209.  363.  412. 
434.  53r,.  528.  5J0.  533.  534.  5o5.  57.; 
585,  5«i|  irtt  u\>  rv>c  0.55.  0.59 
(  riyf.MCxfrm  ij\ ■**.>. eyJ).i/i.  651 
(  f.yr.v.s  .-tsc  u/kidai  ,8.7 
t  iai  tcryi<.*.t**tad)  ‘  2'-' 3. 

2», 

(  ript.*Jo,ear  2"*i.  348.  527 
(  rsstal  lattwr  I'd 
1  rystal  RivTr  ifToraia(  'st 
Ctem^ibova  i  ctetsiadv^s )  325.  356. 

358.  359  <13.  415 
(  tiba  V>5  r»2l 


I  N  Hf  X 


733 


Cubic  iron  sulfide :  2(»,  269 
Cubits  (  .ap  (  Louisiana)  :  117 

<  ulyx  ji/k  hj.  439 

Culture  fisheries  possibilities  of  ex- 
tanding,  657 ;  West  African  coun¬ 
tries,  645 

Cumberland  Plain  t  Australia) :  127 
Curasao  I  Netherlands  Antilles)  565 
Current  lineation:  210 
Current  measurement :  80-86 ;  (actors 
limiting,  87;  flow  devices  (current 
meters),  82-87;  flow  methods,  15 
82;  |>ath  methods.  15,  81-82 
Current  ripple  marks  ;  19J,  104,  210 
Currents :  191,  222.  378.  581,  582-584, 
586,  004,  614;  longshore,  449,  471; 
measurements,  15,  16.  80-87 ;  nature 
of,  80-81  ;  ofl  sin  ire,  471 ;  tidal  typei, 
80 

Current  velocity  (See  also  Velocity)  : 

165  ;  average  tidal,  105  ;  profile,  171 
(  ushmunuU  ti  uminuda:  283 
( Cusk -eels:  591,  595,610 
"Cusp  ami  node”  shore  :  125 
Cutler  area  (Florida):  488-498;  bi¬ 
ological  /nnation,  492-498;  Uiscaync 
ai|uifer,  489;  discharge  of  fresh 
water.  489,  4*8);  flow  pattern  of  fresh 
and  salt  water,  489-490;  rone  of 
diffusion,  489,  490 
Cuttack  (  India)  :  654 
Cuttlefish :  40t> 

Cyanide ;  n77 
Cyano|ihyccae :  3r«2 
(  \  ulli,  hi,  n,ts:  J'tti 

i  \alhiira  |  cya'huraus )  :  402,  403.  551. 
5 52,  5(4-571  ;  euryokous  estuarine 
species,  5<4;  feeding.  5<  7,  568;  mor¬ 
phology.  5(>9;  pmlatioti  as  a  biotic 
factor,  5(>8;  substratum.  568;  zooge¬ 
ography.  5(4 
(  yalhura  burhiitfti:  5(4. 

(  \clhura  urimitu:  5(4,  565,  566,  569, 
570;  physiological  differences.  5(i(»; 
s|ecies  complex.  5(4 
l  lul/iMrj  emeu  5(>5 

(  xatkurj  ,  urjiun  tea;  5 65 

(  yalhuta  rrnni  fkita:  5(>5 
(  xtilkttru  i-tlKonu  5(4,  5to5,  5(>7.  570 

<  VJfAuru  i mile, i  5(4 

(  vu/liHru  /lomil/ei:  5*5 

l  valfcura  mill, ‘It  565 
t  \athurj  muudj :  5>5 
(  ru(knrii  f,hta  549,  550,  551.  552. 
5(4,  5>5.  5i (>.  y>7,  5>8,  5o9,  570; 
<io«sat  ihr.enatophorat  patterns,  570; 
osmoregulatory  rapacitirx.  566;  re- 
pnali.cn,*.  .Vi9;  types  of  variability, 
570 

t  Wltkurj  piiila  5(4 

(  uilkuu  ’  )vf  (klm.  9*5 

I  wfkn-a  o*ji mrnw  V>5 

(  i  aikttra  *  ye .  a  j  5*5 
1  tafkma  5*»5 

t  yhrn  etfC  tointi  515 

1  M'nn.-o.soi  (.51 

(  rfamm  inkiu  (.51 
(  ihiM  Jn».-r  (42 

<  \,itdimm  3’Z) 

(  i,/ 1 (tan  iWrsi  20 

1  - ,  (Wo.  M  J9f( 

1  i,i'n(wn  uifiasi  20 
1  o(s/rs|ist  4lj 
1  i<l.snd|ni  fsa,9lii  404 
(  id.«s«|4nu  515 
1  vrksrtK  (inilUlstl  pattern  39 


(  ven  ifhayr,  mu  5(i5 

(  V.  i  2)8 

(  X, lot,  II, I  mm, i  341.  342.  .343,  ,362,  JM 
(  li  Ik6ii  Iiiioh  i/ioiu;  2*8) 

(  xilnlru  luum  iiu  untri  2*W 
Cymhum.uiiis:  24 
(  ym.xlmiu  muuiilurium,:  473 
(  vmim  fi  in  ramnnoH  433.  437 
Cynoglossidac :  (41.  651 
CyniMlIossm  hr, sis:  651 
Cynniil.issus  cy ,u<iI,<ijuj:  651 
(  yn»i;/iujHi  / im/mi;  65 1 
(  yiioi/lonsui  Htnnnpui:  651 
I'ynniihiims  pimtii  fps:  651 
.  yni, ijlosiui  s,n,:iul,nsu :  (41 
(  ywiueKui  u/vm/riHj  (s34 
(  ynosi  ion  mairi’iiniilhui :  (42 
(  vmoeioii  ,ii-kuti>ius:  409,  411,  413, 
415,  <4)9,  n>5.  632,  635 
(vdoJeioil  hi  ‘thus:  M2,  634 
(  ymucin'  rci/olis:  (48),  610,  669 
(  VHoreioi.  srnt'talla  (42 
(  y»ii thrissa  uHior,;n:  (41 
Cyiirimdae ;  (41,  (49 
(  v^riHixfon :  495 

(  v/O'imxlim  mm  uliiriui:  530,  5JJ,  535 
Cyprinodoutidae  ( cvprimidontids )  411, 
412.  530.  628.  634.  M5,  641.  (.50 
Cyfrim-duH  : aru'iiatus  411,  412,  414, 
415,  (.2),  (.34 
Cyfrmtts  (a'fio:  (4)5 
I'yrtiilofhi’su  muiuulii:  299 
(  yrtoflyura  cujtalj  413 
Cyst  formation :  52> 

Cystine  3»>9 
Cy(/ierwr,i  283 

I  hits  mw-y  (40.  (43.  (44 
DalkaiK-y  Cap  l  Dahomey  )  :  (40 
I himariscotta  River  (  Maine)  :  300 
Danis  r>12.  613.  (>f>8.  (>7l).  674 
f>aius)i  Belt  Sea:  558 
Danish  salt  marsh :  morphogenetic  de¬ 
velopment.  13J.  143 
Danish  ."straits  :  129 

Danish  tidal  region"  .Irsdopment  id 
research.  132 .  landscape  tyres  am! 
levels.  143 ;  research  in-rstigations, 

133 

Danzig  t inti  of  i  Poland)  :  95.  5(4 
l  Kifnmui  374.  534 
DxfkxhJ  .  a.  ullald  5J5 
lijfhmj  mtx/mj;  531 
l>jrknul  r.-fr,.,  »eru  535 
Daring  Rivei  i  Australia)  .  >53 
I’urutnuU  st.-t  c»j,“ti  284 
DasvutiJ  tiaa  rs  jm)  (4)8 
Ddlldlll  l»-('rbalt-  649 

/•uzialir  <u.'-wa  M5 
l tit-  ,a(u  can  (4)8 
I Iji vj/ij  i.-ykc*  ‘ 4- 
l  V/tjdi  bd/u)  (is1. 

/)j*ti  403 

Data  proressmg  aid  ,iuh  m  474 
lvav  length  312. 

DDT  (.75.677 

I'.'kirn-aiui  .8*7 
ikkr  K.lian  I  Ki*p*atv! )  IN 
I  krWn  44*.  449.  *.!  .  debt ..  line.,  222 
Ikripdi  nViip.i-'  411.  415.  541. 

574 

I  kx i ante’s*'**  374,  375.  376.  377 
I  fee  K.iiar.  i  IzifUm  i  100,  in| 
IklkeniUlni  15*  |4m»  cnrnucal 

priemet.  1(4) 


De  (.res  River  (Western  Australia ) 

122 

Delaware  Bay  11  34,  94.  316.  323. 

325,  442,  446,  470.  590,  (.71.  675 
Itelaware  River  :  38,  46;  diversion,  (4.9, 
671  ,  nw»kd.  4 6 

Delaware  River  Kstuary :  323 
Delta :  126,  181,  182,  213.  219;  devel¬ 
opment  by  upstream  diversion.  116; 
front,  180;  growth,  96-98;  surface 
advaitst.  ’’7 

“Delta  Plan”  (Netherlands)  :  it*.,  667. 
o"4 

Deltaic  rlrposits ;  127,  219,  dcpositional 
environment,  2  6 

Deltaic  estuaries.  117:  interdellaic  es- 
ttiarics.  117 

Deltaic  morphology  :  115,  116 
Deltaic  plain:  115;  formation  of  chan¬ 
nel  amt  land  patterns.  97 
Deltaic  subsidence:  116-117 
Demerara  clay,  erosion  velocity  and 
water  content :  159 

Demerara  Rivei  (British  (.uiana). 

chlorinity  and  suspended  natter:  173 
Demersal  species  :  59.1,  (.12 
Demineralization  of  organic  matter: 
4(4) 

Dcnaturati'xt  of  dissolved  organic  mol¬ 
ecules  :  37 6 

Denmark  :  129,  P.5,  378.  558,  565  ;  twlal 
environment,  129-144 
Density,  of  individuals:  4 M,  4M.  473 
Density-salinity  (See  also  Salinity; 
Salinity  gradient )  :  relation  in  estu¬ 
arine  water,  3,  4.  15-t»2 
Deposit  feeders:  454.  455.  459,  461, 

4 M.  465.  4(4>.  4r.7,  472.  474.  476 
Deposition  158.  236,  317;  beach  en- 
suonmrnts,  231-232;  coastal  dune 
rmir.Himrnts,  232:  estuary  chaimet 
enviriHiments,  214.  232-2*5;  tidal 
fla:  environments,  235-236;  seasonal 
fiuctuatems,  2J (>:  ratrs  id.  182-183. 
28r>;  vel.wity,  158 

Depisiti.«al  mechanism,  as  related  to 
*"nr*lty  giadient  180 
Drp-s.ti.*  realms:  2J0.  2Jt.;  fluviatilc. 
230.  231.  236;  mam*.  230.  2J6; 
nuriw-flutiatile,  2J0.  231.  236 
Deposttvaiai  miges  97 
)*■}»»*;,  am-ient  tidal  hats,  210-212. 
tm^nietir  iact<*»,  19!,  192;  estu¬ 
arine.  17rvl77;  influence  id  orcula- 
tb«i  •*  v*(tng.  172.  177;  physi- 
.grapdm  di»tsK«ts.  191  ;  punt-har.  • 
212,  tidal  channel  shell  lag  concen¬ 
trates.  214 

Ih-jvh  id  inflow,  iktrmiMUti.*  h*  heal 
Ita  anre  c* 

firniis  rildww  «unn»i  681.  692 
fV»n  (eif.dwtj.  433,  437 
IVfTsm<*e  High  marsh  ( Ireland  >  153 
Derr-rsmTe  S;«t  (*rel*tsd)  |53 
Ifrrwmt  F  stuary  I  Tiuium  !  12* 

dr »  sllemaisds.  lake  i  lewnssana)  117 
Icnwml w  527 
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Detritus :  367,  372,  374-375,  376-381, 
383  388,  389-394,  448,  449,  453,  454, 
460,  462,  465,  466,  473,  474,  476,  568, 
584,  708;  algal,  377,  385,  387;  ani- 
mal,  477,  385,  387 ;  annual  eyries, 
391-392 ;  annual  mean  value,  391 ; 
marsh-derived,  286,  383-388;  metab¬ 
olism  of,  384,  386,  387,  389 ;  methods 
of  analysis,  384,  389;  nutritional 
role,  378-380,  389,  393,  406;  nutri¬ 
tive  values,  386,  388;  organic,  374— 
394,  406;  oxygen  consumption,  388; 
particulate  organic,  374;  size  distri¬ 
bution,  384,  385,  388,  389;  subpar¬ 
ticulate  organic,  374;  standing  crop, 
383,  384,  385 ;  vertical  distribution, 
392 

Detritus  feeders:  316,  380,  398.  405. 
465,  473,  568 

Devonian  period,  estuarine  coloniza¬ 
tion  :  463 

Devonshire  (England) :  529 
Diagenetic  environments:  177;  Chesa¬ 
peake  Bay,  248 

Diatomaccous  sediments :  273-282 
Diatom  bloom:  275,  311-312,  318-320, 
393;  ecological  factors,  311-312;  sea¬ 
sonal  flowering,  275,  311-312,  318- 
320 

Diatom  community :  estuarine  phyto¬ 
plankton,  320-323;  in  polluted  area, 
314;  natural,  313;  structure,  312-314 
Diatom  flora,  Texas  bays:  313,  411 
Diatom  frustules :  in  detritus,  385 ;  in 
marine  sediments,  273,  275-276,  280; 
marine  species  in  freshwater  sedi¬ 
ments,  173;  settling  velocities,  276 
Diatoms:  296,  298,  311-314,  317-320, 
320-323,  353,  355,  358,  359,  378,  411, 
412,  413,  457,  459,  462,  466,  640,  655, 
659;  excreted  organic  compounds, 
361-366 ;  fatty  acid  constituents,  355 ; 
mode  of  existence,  298,  311 
Diatom  zonation:  intertidal  zone  pat¬ 
tern,  312 

Diatraca  sac  char  alts:  690 
Dictyocha :  298 
Uidiniunt:  300 
Didinium  iwsutum:  299 
Dieldrin :  677,  690 

Differential  pressure  current  meter :  82 
Differential  sedimentation:  176 
Differential  sound  velocity  (Doppler) 
current  meters :  83 

Differential  temperature  current  me¬ 
ters  :  82 

Differential  thermal  analysis:  152 
Diffusion  (5>ec  also  Eddy  diffusivity)  : 
21-34;  contaminants,  33-34;  oxygen, 
22,  583;  upstream  movement  of  silt, 
173;  zone  of,  freshwater  in  Biscayne 
Bay,  489-49U 
Digenia  simplex.  494 
Dikeragammarus  hacmabaphes:  549 
Dikes:  177,  226;  Afsluitdijk,  673 
Dilatancy  of  sediments :  456 
Pincma  grisolcum:  294 
Dincma  litor.ilc :  294 
Dinobryon:  295 

Dinoflagellata  (dinoflagellates)  :  292, 
293,  295,  296-298,  322,  323.  353,  354- 
355,  358,  359,  389,  412,  413,  465,  528; 
blooms,  296-297,  319;  cases  in  detri¬ 
tus,  385 ;  fatty  acid  constituents,  354 ; 
holozoic  and  saprozoic  forms,  296 


Dinophyceae  (See  also  Dinoflagel- 
lata) :  362,  363 
Dinophysis  furli:  297 
Dinophysis  nonvgica:  297 
Dinophysis  ovum :  297 
Dinophysis  tripos:  297 
Diogenes:  403 
Diophrys:  299 

Diophrys  appendieularia:  299 
Diophrys  scutum:  299 
Diopside :  230,  231,  235,  247 
Diphanocca:  300 
Diplanthera:  461,  496,  497 
Diplantltera  uriqhtii:  410,  411,  416, 
494.  496,  498 
Diplodus  sarg us:  651 
Diplodus  trijasciatus:  651 
Diplopeltopsis  minor:  297 
Diplupsalis  lenticula:  297 
Diplapsalopsis  orbicularis :  297 
Discontinuity  layer :  470 
Discontinuous  salt  marsh  formation: 
143 

Dis[jersa! :  467,  468 
Displacement  current  meters :  86 
Dissolved  nitrate,  uptake  by  mangrove 
mud :  421,  422,  426 
Dissolved  organic  carbon :  365,  366 
Dissolved  organic  material :  367-372, 
374,  379,  380 ;  assimilation  by  meta¬ 
zoans,  353 

Dissolved  oxygen  (DO)  :  693,  694,  697, 
698,  699;  effect  of  mill  wastes  on, 
695 

Dissolved  phosphate,  uptake  by  man¬ 
grove  mud :  421,  422,  426 
Distance-velocity  asymmetry  of  set¬ 
tling  lag  and  scour  lag  in  tidal  cur¬ 
rents:  165-166 

Distance-velocity  curves :  167 
Distichlis:  386,  387 
Distichodus  rostratus:  641 
Di stigma  protcus:  294 
Distributary  abandonment:  118,  119 
Distribution  of  organisms:  465-466, 
467,  473,  581,  588-590,  593-595,  604, 
605-611,  613,  631 ;  dominant  infaunal 
species,  202 

Distribution  patterns  of  bottom  sedi¬ 
ments:  175-178 

Diversion  as  watershed  modification 
(Delaware  River)  :  671 
Diversity  analyses :  509 
Diversity  pattern:  313-314 
Diving,  SCUBA :  445 
Djomboss  Estuary  (West  Africa)  : 
640 

Dodo  River  (West  Africa)  :  639 
Dogfish :  591 

Dogger  Bank  (North  Sea)  :  662 
Dolomite:  211 
Dolphin,  bottlenose :  595 
Don  River  (U.S.S.R.) :  709 
Danax:  471 
Donas r  serra:  401 
Donges  (France) :  154,  155 
Doppler  current  meters :  83 
Donclithys  smithii:  641 
Dorosoma  cepedianum:  609,634 
Dnsinia:  402,  403 
Dnsinia  hrpatica:  404,  405 
Dotilla:  401 

Douglas  Lake  (Michigan)  :  306 
Downwarping :  124;  geosynclinal,  116; 
tectonic,  116 

Drainage:  land,  4,  581,  582,  583-584, 


585,  587,  592,  596 ;  of  salt  pans,  134 ; 
river-borne  silt,  317 
Drake’s  Island  (England) :  294 
Dredging :  667,  674,  676 
Drepane  punctata:  651 
Drepanidae :  651 
Drepanomonas  rrvoluta:  299 
Drift  bottle :  81 
Drift  card :  81 

Drift,  nontidal :  449,  450,  453,  469,  470, 
471,  472 

Drill,  Japanese:  671,  677 
Drogues :  15,  81 
Dropsy,  in  fish :  690 
Drowned  valley  systems :  4,  94 
Drowned  valleys :  4,  9,  10.  94,  126,  397 
Drum:  409,  601,  633;  black,  411,  412, 
418,  625,  626 ;  red,  625,  626 
Dry  Tortugas  (Florida)  :  585.  630 
Dubreka  River  (Guinea)  :  640 
DunalicUa:  292 
Dunaliclla  cuelilora:  365 
Dunaliella  tcrtiolccta:  362.  363 
Dune:  landsca|>es,  129:  ridges,  lithi- 
fied,  123 ;  sands,  227,  233,  234 
Dunes,  coastal:  223,  227,  232,  233; 
heavy  mineral  content,  232;  particle 
roundness,  232 

Duplin  River  ( Georgia) :  383 
Durban  ( South  Africa )  :  399 
Dussunticria  hasselti:  649 
Dutch:  estuaries,  149-150,  182;  tidal 
flats,  180 

“Dwarfed”  fauna :  259 
Dyes :  measure  of  currents  and  disper¬ 
sion,  15,  34,  37,  81,  449,  702 
Dynamics  of  ecosystems,  importance  of 
dissolved  organic  material .  372 
Dvnamics  of  estuarine  sedimentation : 
181 

Dystcria:  299 
Dystcria  aeuleata:  299 

East  Anglia :  103 

East  Anglian  fenland:  102;  compara¬ 
tive  chart  of  deposits  (number),  104 
East  Bay  (Louisiana),  potential  cre¬ 
vasse  site :  117 

East  Frisian  Islands  (German  Bay, 
North  Sea)  :  198;  tidal  flats,  200 
East  Indies:  565 

East  Sound  (Washington)  :  54;  bal¬ 
ance  of  forces,  54;  temperature  and 
velocity  profile,  54;  wind-driven  cir¬ 
culation,  54 

Ebb  channels :  128,  134-136 
Ebb  creek:  134-136 

Ebb  current:  133,  134,  136;  velocities 
of  the  Haringvliet,  213-214;  vertical 
profile,  42 
Ebria:  298 
Ebridiens :  298 
Echelidae:  64, 

Echinastcr  sentus:  494,  497 
Eehinocardium :  204,  205 
Echinocardium  cardatum:  198,  200 
Echinodermata  (echinoderms)  :  155, 

368,  494,  497,  528,  574,  591 
Ecological:  climax,  475,  476;  data,  di¬ 
versity,  and  affinity  analyses,  509; 
dominants,  473,  474;  equivalents, 
467 ;  interaction  with  physiographic 
processes,  106;  life  histories,  473, 
474.  475;  races.  471,  558-563;  re¬ 
sistance  to  invaders,  475 ;  sere,  475. 
476 


Ecology,  ecologists:  397-520,  554-576, 
584,  588-589,  594,  596.  597,  598.  602- 
603.  604, 605,  6!  5 

Kconotnics :  594,  598.  602-603,  612,  615, 
616 

Ecosystem :  473,  515,  520,  707,  708 

Ecosystematics :  416 

Kcotone :  473,  474 

Ecotypes :  446,  463.  475 

Kctocrines :  448,  468 ;  iiitraspecific,  472 

Ecuador :  583 

Eddy  coefficients :  19,  48,  54,  55,  56,  57, 
58,  61,  62 

Eddv  diffusivity:  27,  30,  31,  32,  42,  45, 
48,  49.  53,  57 
Eddy  flux :  27,  42,  44 
Eddy  viscosity:  19,  25,  27,  30,  31,  46, 
54,  55,  56,  57,  58 
Eel :  568,  601.  609,  660,  673 
Eel  grass :  473,  591 

Eel  Pond,  Woods  Hole  (Massachu¬ 
setts)  :  294,  301,  337.  338 
Eh:  255-257.  269,  430,  448,  457,  459, 
460 

Eighth  Pass  (Texas)  :  414 
Eighty  Miles  Beach  (Australia)  :  121 
Eio  Sliver  (Norway) :  65 
Eirene:  413,  414,  415 
Elachisla:  530 

Elasmobranchii  (elasmobranchs'  :  415, 
530,  607,  609 

Elbe  Estuary  (Germany) :  7,  8 
Elbe  River  (Germany) :  149,  2Uo 
Electrolytic  coagulation :  160 
Electromagnetic  induction  current  me¬ 
ters  :  83 

Electronic  current  measurement  meth¬ 
ods:  81 

Eleotridae :  642,  651 
Eleolris  daganensis:  642 
Eleolris  iusca:  651 
Eleolris  lebretoni:  642 
Eleolris  tandu'icensis:  423,  424,  425, 
426,  427,  421,  429,  430 
Eleolris  senegalensis:  642 
Eleotris  vittata:  642 
Eleulheronemo  tetradactylum:  650 
Elizabeth  (New  Jersey)  :  701 
Hlk  City  (Oregon)  :  226,  231,  2 32,  235 
EUobium  aurisjudae:  434 
Ellobium  aurismidac:  434 
Elminius:  677 

Elminius  modesltis:  513,  681 
Elopidac :  641,  649 
Flops  larerta:  Ml,  M2 
Flops  saurus:  411,  415,  649 
Flaps  senegalensis :  Ml 
Elphidium:  287 

Elphidium  insertion:  283,  285,  287 
El  Salvador :  583 

Embayment:  9,  15,  220;  barrier  islan 
and  coastal  lagoon  zone,  220;  Mis¬ 
sissippi  River  subdelta,  118 
Embiotocidac :  591 
Emerila:  471 

Fans  Estuary  (Germany)  :  22,  149, 
150;  turbidity  maximum,  172 
i.tns  River  (Germany)  :  sediments,  149 
Enchelyodon  fare  tits:  299 
EnehelyndoH  lasius:  299 
Enchytrucids :  402 
Endrin :  677,  690 

Energy :  376,  377,  381 ;  budget,  368, 
372 :  flow,  energy  exchange  and  con¬ 
version.  368,  383.  520,  596-600,  613; 
gradients  and  sediment  flux,  180 
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Engineering  improvements :  418 
England:  211.  292,  378,  558.  565;  east 
coast  estuaries,  102;  west  coast  es¬ 
tuaries,  100 

English  Channel :  34,  150.  318,  319,  564 
Engrauiidac  (engraulids) :  591,  594, 
633. 635,  M9,  654 
Engraulis  enerasieol-s :  641,  659 
Enyraulis  mordax:  614 
Enkhuizrn  (  Netherlands )  :  659 
Enrichment :  329,  J30,  670,  678 
Ensenada  dc  San  Simon  (Spain) :  155 
Ensis  minor:  414 

Enteromurpha:  378,  405,  406,  411,  413, 
494 

Entomosigma  peridiniodes:  297 
Entosiphon:  294 
Entosiphon  obliquum:  294 
Entosiphon  sulcatum:  294 
Entosplienus  tridentatus:  59’ 
Entrainment:  17,  18,  24.  T  37,  583 
Environment :  factoi  ,  +*-t,  (46,  462, 
464,  467,  468.  470,  473,  474.  475.  476, 
513;  factor-,  uniformity,  475;  gra¬ 
dient,  463,  471 :  high  energy,  466 ; 
lethal  changes,  474 ;  limiting,  2  ; 

multiple  factors,  556;  sampling  in¬ 
struments,  444 ;  variability,  467 
‘Environmental"  iron ;  253 
Enzymes :  369,  377 
Eolian  calcarenite :  123 
Epeirogrnic  subsidence :  124,  144 
Ephippir' ae :  642 
Ephyaru:  414 
Lpiclintcs  ambiguns:  299 
Epidote :  l4r  ,  247 

F-pitauna:  405,  407,  442,  457,  458,  463, 
464,  465.  471,  472,  473,  475 
Epinephelus  aeneus:  641.  642 
Epinephdu bleekeri:  650 
Epinephelus  diacanthus:  650 
Epinephelus  gigas:  641 
Epinephelus  goreensis:  641 
Epinephelus  sexfosciatus:  650 
Epinephelus  lamina:  650 
Epiphyte :  291,  438,  462,  473 
Epiplatys  srxfasciatus:  641 
Flquator :  586,  61 1 
Erie,  I-ake :  503 

Eriocheir  sinensis:  530,  531,  533,  534 
Eripltii i  spinifrons :  533 
Erosion:  9,  113,  158,  180,  226,  378,  449, 
462,  463,  668 ;  caused  by  levees,  670 ; 
critical  velocity,  158 
Erosion  forms,  tidal  creeks  and  chan¬ 
nels:  134-136 

Erosion  patterns,  factors  influencing: 
121 

E. rosion  velocities :  167 
’'-ythropsis:  297 

.ijerg  (Denmark)  :  129,  131,  132. 
133,  144 

Escambia  River  (Florida)  :  115 
Escherichia  eoli:  380 
Esornus  danrira  thermoicos:  649 
Essex  ( Fingland ) :  106 
Estuarine :  colonization,  463 ;  factors 
controlling  richness  of  biota,  399; 
faunal  components,  399-400;  gradi¬ 
ent,  460,  463,  465,  466,  470,  473,  476; 
ixrverty,  399 

F. stuarv:  age,  11,  115,  219,  224;  bar- 
built  3.  4,  5,  7,  9,  10,  11.  449;  blind, 
442, 464 ;  classification  based  on  circu¬ 
lation,  17-18,  40;  classification  based 
on  extent  of  dilution,  4;  clafsifica- 
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lion  based  on  physical  characteris¬ 
tics,  4-5 ;  classification  of  geographic 
divisions  and  ecological  considera¬ 
tions,  442-443;  coastal  plain,  4-5,  6, 
9.  10,  95,  449;  definition,  3-4,  6-7, 
15,  100,  115,  121.  177,  213,  219,  291, 
442,  525,  581,  658,  707;  deJtaic,  115- 
120:  drowned  river  valley,  4;  en¬ 
richment  329,  330,  335,  677-679 :  en¬ 
vironmental  factors,  7,  443,  449-452, 
459,  476,  497,  525,  566;  features  of, 
4-5.  7,  316,  397,  476,  525;  fishery 
resources,  581-663;  fjord-type,  4; 
flushing,  19-20,  33,  317,  468,  471; 
geomorphology,  4-5,  6-7,  93-145 ; 
head,  443,  448.  453,  463,  464,  470, 
476 ;  ideal,  707,  709,  710;  invasion, 
462,  463;  inverse  (See  Negative  es¬ 
tuary)  ;  models,  16,  23,  33,  446,  470, 
474,  475,  476;  moderately  stratified, 
17-18,  26-31,  38,  39;  modification,  by 
human  activity,  329,  334,  335,  667- 
686 ;  mouth  ( inlet ) ,  399,  443,  448, 
449,  462,  463,  464,  466,  468,  469,  470, 
471,  472,  476;  negative  (See  Nega¬ 
tive  estuary),  4,  316,  4-12,  448;  neu¬ 
tral,  4,  442,  468;  origin  of,  93-99, 
100,  442 ;  positive  (true),  4,  442,  448, 
459,  462,  468,  476;  positive  filled, 
182;  produced  by  tectonic  processes, 
4.  5,  9;  salt  wedge,  16,  37,  448,  450; 
sediment  modification,  9,  180,  182, 
224,  226;  two-layered  flow  with  en¬ 
trainment,  17,  37-38,  449-450,  469; 
two-layered  flow  wiih  vertical  mix¬ 
ing,  17,  38-39,  449-450;  vertically 
homogeneous,  laterally  homogeneous, 
18,  39-40,  450,  468,  470;  vertically 
homogeneous,  with  lateral  variations, 
18,  39,  443,  470 

Estuary-lagoon  complex:  7,  123,  124, 
223,449 
£  tangs :  570 

Etheostomc  nigram:  605 
Ethmalosa  dorsalis:  40,  641 
Etroplus  maculatus:  533,  651 
Etroplus  suratensis:  651 
Elropus  emssotus:  608 
Etropus  microstomas:  608 
Elrunteus  sadina:  608 
Eubacieriales :  301 
F.uglcna:  292,  294,  295 
Euglena  aeus:  294 
Euglena  fenestrota:  294 
Euglcna  fusca:  294 
Euglena  gracilis:  294,  353 
F.uglcna  limosa:  292 
Euglena  pisciformis:  294 
Euglena  fclata:  294 
F.uglcna  vermiformis:  292,  294 
Euglcna  riridis:  294 
Euglenophyceae  (euglenids) ;  292,  293, 
294,  300,  301 
Eu!achon:612 

Euphrates  River  (Iraq)  :  583,  647 
F.nplax  tridenlata:  434 
Euplotes:  296,  299.  300 
Euplotcs  harpa:  299 
Euplotcf  vannus:  299 
Eurycarcinus  inlcgrifrons :  434 
Euryhaline  marine  faunal  component ; 
399-400 

Euryhaline  species :  400,  467,  471,  530, 
531,  562,  567,  630,  674 
Furvtcmora:  323.  500,  501,  502,  503, 
504,659 
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Eurytemora  a  finis:  323,  SOI,  302,  503, 
o04,  506 ;  seasonal  distribution,  503 
Eurytemora  amt r teams :  501,  502,  503, 
504 ;  seasonal  distribution,  503 
Eurytemora  herdmani:  SOI,  502,  503 
Eurytemora  hirundoides:  323,  503 
Kurythermy :  316 
Eurytopic :  467,  471 
Eustatic  movements:  144, 180 
F.utcrpina  aculijrons:  513 
Euittynnus  alleleratus:  611 
Eutreptia .  292,  293,  294 
Eutreptia  lanotvi:  294 
Eutreptia  viridis:  294 
Eutreptiella:  292,  293,  294,  295 
Eutropiiehthys  raeha:  650 
Eutropius:  643 
Eulropius  mcntalis :  641 
Eutropius  mieropoyon:  641 
EHtropius  nilotieus:  641 
Euxinic  sediments :  258,  259 
kiadut:  501 

Evadne  nordmanni:  323,  501 
Eretdue  spinij,  ra:  501 
Evans,  Capv  (Antarctica) :  347 
Evaporation :  4,  5,  46o,  583 
Evaporites :  216 

Everett  (Washington) :  693,  694,  697 
Everglades  ( Florida) :  488,  497,  569, 
585 

Evolution :  462,  466,  469.  473,  474,  475, 
564-576 ;  Cxathura,  571 ;  rate  of.  467 
Excoecaria  ayalloeha :  432.  433,  437 
Excreta,  bird :  292 

Excretion,  by  phytoplankton:  361-366, 
374,  376 
Exocrines :  474 

Exosphaeroma  hylf cortrs:  405 
External  metabolites :  473,  474 
Extracellular  organic  Materials :  353, 
473,  474 

Exuriella:  297,  362,  363 
Exuriella  apora:  321 
F.xus-iella  daclylus:  297 
Exuriella  mnrna :  297 
Exuriella  raginula:  297 

Facies :  biofacies  defined  by  foraminif- 
eral  distribution,  283-288;  lithologi¬ 
cal  tvpes  in  the  Great  Oolite  series, 
211  ' 

Falmouth  (Massachusetts) :  113 
False  Bay  (South  Africa)  :  406;  gra- 
ben,  94 

Fund  Island  (Denmark)  :  130,  131, 
132,  134 

Farming  the  sea  .  597 
Farmington  Oolite,  Stonefield  Slate 
(channel  limestone)  :  211 
Fane  Islands:  391,392 
Fasciolaria  tulipa:  494 
Fatty  acids  •  353-359,  458 ;  comparative 
data,  359;  composition  of  cells,  357, 
358;  distribution  in  culture  media, 
357 

Faulting:  96,  123;  coastal  indentures 
formed  by,  5 

Fauna :  components  of,  399-400 ;  fac¬ 
tors  which  determine  richness,  397 ; 
of  mangroves,  434-437 ;  origin  and 
distribution,  8,  399;  osmoregulation 
and  temperature,  8;  similarity,  474; 
trophic  relations,  405 
Ftrcella  conjrssa:  299 
Favi'Un  jranciscanus :  299 
Farclla  mark  usury:  299 


Faveita  panamensis:  299 
Fecal  pellets:  204,  295,  454,  460,  461, 
662 ;  ornately  sculptured,  460 
Feces :  308,  376,  476 
Federal  Water  Pollution  Control  Act : 
693 

F’eeding:  grounds,  587,  590,  610,  614; 

habits  of  infauna,  466 
F'chmam  Belt  ( Denmark )  :  144 
Feldspar:  231,  235  234,  243,  247,  248, 
281 

F'clsite :  231 
F'ence  fishing :  644 
Fence  trap :  644 

F'cnholloway  Estuary  (F'lorida):  292, 
296,  298,  301 

Fenno-Scandian  rising  block :  144 
Fernando  Po,  Island  (Off  W.  African 
coast ) :  639 

Ferric-ferrous  ratios  in  sediments :  252- 
_  254 

F'erric  phosphate  precipitation :  459 
Ferrous  sulfide ;  252-254,  259,  268-271 ; 
nature  of  hydrotroilite  in  Recent 
sediments,  268-269 ;  transformation 
to  pyrite.  269-271 
“Fertile  Fisheries  Crescent” :  624 
Fertility  of  estuarine  waters:  317,  329, 
636 

Fertilization:  329,  330,  335,  377-379, 
701 

Festoon  bedding :  194 
Festuea  rubra:  138 
Fetch :  126,  153,  623 
Filling  for  real  estate .  667,  u74-676 
Filter  feeders:  316.  453,  454.  455,  461, 
465,  466,  469 

Fine-grained  deposits :  177,  247;  ac¬ 
cumulation  in  tidal  flat  areas,  166, 
177:  factors  determining  physico¬ 
chemical  cluracteristics,  177 ;  trans¬ 
portation  velocities,  160 
Finland,  Gull  of:  3,  551 
Fiord  (See  Fjord) 

Firth  of  For:  i  (Scc  Jand, :  :00 
Firth  of  Tay  ( Scotland)  :  464 
F;sh  (See  abo  °isccr ;  Teleostei)  : 
411,  454,  472,  533,  581-663,  680-681 ; 
biomass  in  upper  laguna  Mai  re, 
417 ;  human  consumption,  616 ;  cul¬ 
ture  in  brackish  waters,  655,  656; 
eggs,  591,  597,  609;  genetics,  Pacific 
salmon,  6l3 ;  import  products,  616 ; 
kills.  690,  691 ;  mortality.  588,  593, 
.,95,  612,  61  690-6V2 ;  movements 

(See  Migration)  ;  populations  (fish 
stocks),  607,  612-013;  reduction 
(meal  and  oil),  615,  616 
Fish  and  Wildlife  Sei  vice,  U.S. :  675 
Fisheries:  611-615,  616;  commercial, 
590,  591,  594,  596,  597,  598,  599-603, 
610,  611-617 ;  foreign,  615-616 ;  land¬ 
ings  in  United  States  1936-1942, 
624;  sport,  590,  59',  594,  596,  599, 
602-603,  009,  610.  612.  614-615,  616 
Fishery;  dynamics,  615;  investigations, 
588-589,  597,  laws,  602-605,  6!3,  ol5, 
616-617 ;  management,  602-603,  612- 
613,  615,  616-617;  production,  599- 
600 ;  products,  472,  625,  644-645 ; 
regulation,  602-603,  613,  616-617 ; 
science,  597,  613,  614-615;  yields, 
599-600,  602-603,  611-612;  yields 
compared  to  agriculture,  600;  yields, 
variation  in,  596,  599-600 
Fishes:  379,  380,  495,  526.  530,  574, 


581-617,  624-628;  anadromous,  587, 
591,  604,  606,  607-609,  610,  612,  614, 
658 ;  catadromous,  604,  607,  609,  610 ; 
commercial,  591,  610,  612,  614,  615, 
616-617,  624-625,  652,  653;  distribu¬ 
tion,  587,  594-595;  eury haline,  581, 

606,  610,  625;  fecundity,  589;  feed¬ 
ing  activity,  596-597,  600-602;  ge¬ 
ographic  range,  589-591 ;  growth, 
593,  596-597,  598,  601,  603,  610,  613: 
habits,  584;  larvae,  591,  598,  603, 
615;  origin,  584;  pelagic,  611; 
schooling,  588,  598,  603,  616 ;  "*nses, 
589;  sport,  610,  612,  614-615,  616; 
young,  581,  591-593,  595,  599,  600, 
608-609,  610,  612,  613,  662,  693,  698 

Fishing:  581-616,  624-627,  640-646, 
648-657,  680-681 ;  gear,  593-595,  605- 
610,  611.  615,  616,  634,  643-644,  652- 
653,  654,  656,  660;  gear  selectivity, 
594 ;  grounds,  599,  602,  611,  616 ; 
methods,  643  644,  652-653;  of  sal¬ 
mon  by  American  Indians,  612 
Tish  passage  (fishway)  :  612,  613;  role 
in  gen' 'lie  selection.  670 
Fitzroy  Estuary  (West  Australia)  : 
12;,  125 

Fitzroy  River  Estuary  (East  Aus¬ 
tralia)  :  1  j 

Fiv  Islands  (Nova  Scotia)  :  210;  tidal 
flats,  210 

Fixed  bag  net  fishing :  652 
Fjord:  4,  5,  9,  15,  17,  24,  25,  26,  52-70, 
94,  96,  219,  2 73.  316,  450,  590,  591 ; 
definition,  52,  63;  estuary  type,  4-5, 
25,  26;  hydrographic  conditions,  63- 
65 

Fjc  d  circulation:  24-25,  52-62,  65- 
70;  currents  associated  with  surface 
layer,  52,  53,  65-66;  dynamics  of, 
24-25,  52-55;  "ideal”,  52;  move¬ 
ments  in  deeper  layers,  53-54,  67- 
70;  similarity  solutions,  55-61 
Flagellates :  292,  296,  300,  379,  416, 
459,  462,  660 

Flamingo  ( Florida)  :  566 
Flaser  bedding:  191,  195-196 
Flat  croakers :  625 
Flatfish :  205,  591,614,  632,635 
F'legg  (England)  :  103 
Flier :  607 

Flinders  River  (Australia)  :  128 
Flocculation:  158,  159,  160-162,  172, 
177,  178,  448,  452,  453;  physico¬ 
chemical  processes,  160-161,  453 
Flood  bars :  134 
Flood  channels:  128,  134-136 
Flood  control :  671,  691 
Flood  current:  133,  134-136,  165,  168, 
177;  velocities  ot  the  Haringvliet, 
214;  vertiial  p'  file,  James  River 
Estuary,  i 
Flood  deposits :  197 
Floodplain:  97;  Mississippi  Ri-er,  622 
Florida:  220,  222,  417,  e-O,  488-499, 
568,  571,  5»5,  5C9,  590,  594,  595  600, 

607,  ..12.  o!4,  621,  625,  630;  Gulf 
Coast,  220,  222,  298,  630;  mangrove 
swamps,  430 

Florida  B„v  :  2l9,  220,  488,  496,  497, 
585,621  ' 

Florida  Keys:  488,  493 
Florida,  Straits  of :  582,  583,  621 
Klotrnt :  floating  marsh  118 
Flounders:  324,  568,  591,  601,  614,  615. 
626 


INDEX 


737 


Flow  ( See  also  Circulation )  :  expo¬ 
nents  in  hyilraulic  geometry  of  tidal 
estuaries,  113-114;  velocity  related 
to  erosion,  transport,  and  deposition, 
158-160;  velocity  related  to  sediment 
trans|>ort,  162-1 74 
Flow  culture :  515 

Flowering  ( See  also  Bloom ) :  318-320 
Flow’  measurement :  80-89 ;  comparison 
with  medical  electronics,  80 ;  devices 
(current  meters),  82-87;  methods, 
80-82 

Flow  pattern,  of  fresh  and  salt  water 
in  Biscaync  aquifer :  490 
Fluorescein  in  current  studies :  81 
Fluorescence,  of  chlorophyll :  454 
Fluorescent  tracers:  81.  185,  449 
Flushing:  characteristics,  317,  694;  sa¬ 
linity  measurements,  71 
Flushing  time :  19-20 ;  estimation  of,  20 
Fluvial  deposition:  149,  153-156,  230, 
235 

Fluviatile  materials  in  estuarine  de¬ 
posits:  176-178 

Fluviatile  realm  of  deposition :  230-231 
Fluviatile  suite,  Yaquina  Bay  (Ore¬ 
gon)  :  235 
Foam  lines :  222 

Food :  465,  466,  468,  474,  47S,  588,  591- 
592,  596-599,  600-602,  603,  610,  612, 
615,616 

Food  preference :  597,  600,  601 
Food  value,  as  related  to  fisheries :  600, 

613 

Food  web  (food  chain)  :  313,  314,  405, 
406,  424,  426,  429,  475,  600-601 
Foraminifera  (foraminiferans)  :  10, 
149,  155,  214,  283-288,  385,  466;  bi¬ 
ofacies,  283;  live-total  ratios,  2S6- 
287 ;  standing  crops,  283,  285 
Forcados  River  (Nigeria)  :  639 
Forge  River  Dock  ( New  York)  :  293 
Fossitcxtura  dejormitiva:  197 
Fossitcxtura  figurativa:  197 
Foulness  Island  (England)  :  100 
Fragilaria :  311 
Fragilidium  hctcrolobum :  297 
France:  150-152,  153-155,  156,  213, 
564,  570 

Fraser  Island  (Australia)  :  121,  122, 
128 

Fraser  River  (British  Columbia)  :  273, 
275.  582,  590,  591 
breezing,  intertidal :  451 
French  Guiana,  rivers:  156 
Freshets,  as  related  to  temporary  sa¬ 
linity  reduction :  606 
Fresh  water,  salt  content:  4,  443,  448, 
451 

Freshwater  faunal  component  in  estu¬ 
aries  :  399-400 

Freshwater  fish,  in  brackish  water : 
605-606 

Freshwater  inflow:  4,  16,  447,  489, 
49C,  581 ;  oscillation  of  tidal  cur¬ 
rents,  4,  7 

Freshwater  lens :  491 
Freshwater  transport :  25 
Freshwater  zone :  399-400,  443,  604- 
605 

Friday  Harbor  Laboratory  (  Washing¬ 
ton)  :  331 

Friesland  (Netherlands) :  149 
Frio,  Cape  (Africa)  :  398 
Frisian  Islands  (North  Sea) :  149,  207, 
659,  662 


Froiiltmia  leucas:  299 
F'rontnnia  marina:  299 
Fronts,  salinity:  581,  582,  585,  612 
Froude  number :  16,  24,  26,  212,  217 
Fry :  535,  646,  655 
Fundulus:  359,  567 
Funditliis  grandis:  411,  634 
Fundulus  heterochtus:  530,  533 
Fundulus  nut  jolts:  606 
Fundulus  similis:  411,  415,  634 
Fundy,  Bay  of:  19,  21,  80,  209,  210, 
213,  214,  311,  312,  459;  estuarine 
sediments,  213;  tidal  flats,  209-210 
Fungi:  301,  303-304,  459,  460,  526; 
lignicolous  species,  303,  304;  non- 
lignicolous  species,  303;  physiologi¬ 
cal  aspects,  304 
Fungi  lmperfecti :  303,  304 
Fungia:  368,  369,  370,  372 
Fusaro,  Lake  (Italy)  :  660 

Gadidae :  594 
Gadusia  chapra :  649 
Gadus  macrocephalus:  591 
Gag :  611 

Gagata  ccnia:  649 
Gagala  viridescens:  649 
Galcichthys  j:its:  412,  415,  624,  634 
Galeoidcs:  642 
Calf  aides  decadactyllu.  641 
Galicia  (Spain)  :  661,  66 2 
Galician  estuaries  ( Spain  ? :  155 
Gallium :  215,  276,  277,  278,  279,  281 
Galveston  Bay  (Texas)  :  95,  621,  626, 
675 

Gambia  Estuary  (Gambia) :  640 
Gambia  River  (Gambia)  :  640 
Gammarus  (gammarids)  :  463,  551 
Gamtnarus  duebeni:  528,  530,  531,  533, 
551,  562 

Gammarus  fasciatus:  323 
Gammarus  I  custa:  463,  530,  533 
Gammarus  mucror.atus :  413,  415 
Gammarus  obtusatus:  530 
Gammarus  nccanicus:  530 
Gammarus  pulex:  463,  531 
Gammarus  satinus:  562 
Gammarus  ligrinus:  567.  571 
Gammarus  zaddarhi:  562 
Ganges-Brahmaputra  Delta  (India, 
Pakistan):  118,  119,  120,  647;  tec¬ 
tonic  activity,  120 

Ganges  Estuary  (India,  Pakistan)  :  647 
Ganges  River  (India,  Pakistan)  :  118, 
647 

Gar :  606 

Garden  Island  Bay  (Louisiana) :  97, 

117 

Gardiners  Bay  ( New  York )  :  471 
Gargano  (Italy!  :  576 
Garnet :  149,  232,  235,  247 
Garrick :  406 

Gases  (See  Oxygen,  etc.)  :  22,  374, 
376,  380,  447,  448,  456,  458 
Gas  exchange  studies  in  sliallow  ma¬ 
rine  sediments :  457 
Gaspereau  River  (Nova  Scotia)  :  213 
Gastcrosteus:  530 
Gaslcrosleus  aculcalus:  535 
Gastcrosteus  leiurus:  529,  530,  532 
Gastropoda  (gastropods):  208,  209, 
401,  413,  447,  470,  472,  494,  601,  708 
(iastrotrichs :  466 
Cause’s  law :  516 
Gassa  minula:  650 


Geest  surface :  144 
GEK :  76 
Gelasimus:  642 
Gcleia  jossata:  299 
Geluina  cuaxans:  434,  436 
Generating  (power)  plants:  672 
Genetic  selection :  670,  680 
Genetic  sex  determination,  Tisbe  re¬ 
ticulata:  575 

Genetic  studies :  467,  570,  574-576 
Gcnotyjies  :  463,  469;  variation  in,  555 
Geological  processes  influenced  by  man : 
679 

Geology,  as  a  factor  in  r  .hness  of  es¬ 
tuarine  fauna:  399 
Geopetai  indicators:  196 
George,  Lake  ( Florida ) :  566 
Georges  Bank  (Maine) :  311 
Georgia  salt  marshes :  378,  379 
Georgia,  Strait  of  (British  Columbia- 
Washington) :  19,  273,  331 
Geostrophic  flow :  81 
Geothite :  268 

German  Bay  (North  Sea)  :  191,  198, 

202 

Germany :  165,  209,  374 ;  coast  of,  527 

Gctrno  alalunga:  611 

Gerreomarpha  setifer:  650 

Gcrres  mclanoptcrus:  642 

Gerres  nigri:  642 

Gerres  oblongus:  650 

Gcrres  octatis:  642 

Gerres  oycna :  650 

Gerres  punctatus:  650 

Gcrres  setifer:  650 

Gerridae :  642,  650 

Ghana :  642,  644 ;  coast,  640 

Gibbula:  405 

GilchristeUa  aestuarius:  649 
Gippsland  Lakes  .Australia):  124; 
salinity,  124 

Girclla  nigricans:  532,  534 
Glaciation:  Riss-Saale,  129;  Wiscon¬ 
sin,  93,  112,  115;  Wurm,  93,  123, 
129  130 

Glacio-eustacy :  93-94,  124,  144,  180 ; 
fall  in  sea  level,  180;  oscillations, 
124 ;  rise  of  sea  level,  144 
Gladstone  (Australia)  :  432 
Glaucoma  scintillans:  299,  300 
Glauconite :  247 ;  minor,  243 
Glauconnme  virens:  436,  437,  440 
Glcnodinium:  354,  355,  359 
Glenodinium  gymnodinium:  297 
Glcnodinium  halli:  342 
Glcnodinium  lenticula:  297 
Glenodinium  oculalum:  297 
Glenodinium  splcndcns:  354 
Glossogobius  bioccllatus:  651 
Glosstigobius  giuris:  61-1 
Glossogobius  mas:  651 
Gloucestershire  (England) :  211 
Glucose,  uptake  of :  368 
Glutamic  acid,  excretion  of :  363 
Glycera:  402 
Glxccra  convoluta:  405 
Glycerin:  140,  142,  143 
Glycerin  maritime:  142,  143 
Glycerol,  excretion  of :  363,  364 
Glycine:  367,  368,  369,  371,  458;  up¬ 
take  of,  371 

Glycolic  acid,  excretion  of :  362,  363 
Glyptoslcrnum  telchilla:  649 
Gobiesox  strumosus:  606,  607,  635 
Gobiidac  (gobies) :  425,  429,  430,  591, 
594,  601,  607,  610,  634,  642,  651,  653 
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Gobio  fluviatilts:  530 ;  changes  in  body 
weight,  530 

Gnbicides  anguillaris:  651 
Gobioides  ansoraii:  642 
Gobioidts  car  cuius:  651 
Gobionellus  lefturus:  64 2 
Gobiopterus  cnuno:  651 
Gobiosoma  bosci:  609,  634 
Gobiosomo  yinsburgi:  606,  607 
Gobiosoma  robusium:  495,  497 
Gobius  casamancus:  642 
Gobius  minutus:  673 
Gobius  nudieeps:  651 
Gobius  sadanundio:  651 
Godavari  Estuary  (India) :  648,  652, 
654 

Gnethite :  152,  268,  270 
Golden  Gate  (California),  depth  and 
sea-level  rise :  94 
Goldfish:  681 
Golfingia.  368, 370 
Goniodoma:  297 
Gonionemus  murbacki:  415 
Gonyaulax:  297 

Gonyoulax  catenala:  297,  298,  300 
Gonyaulax  catenella:  298, 300 
Gonyaulax  die  gene  sis:  297 
Gonyaulax  digitalis:  297 
Gonyaulax  polyedra:  297 
Gonyaulax  polygramana:  297 
Gonyaulax  scrippsae:  297 
Gonyaulax  tamorensis:  297 
Gonyaulax  triacantha:  297 
Gonyostomum:  298 
Good  Hope,  Cape  of :  94 
Gorgonorhynchus:  405 
Graadyb  (Denmark):  130,  131,  134, 
138 

Grabens :  94,  96 
Gracilaria  blodgetti:  411 
Gradient:  density  (Sec  Salinity  gra¬ 
dient)  ;  fauna  related  to  salinity, 
414;  stream  concept  related  to  sedi- 
mentology,  180 
“Gradient”  zone :  284 
Grado  (Italy) :  574 
Grain  size  :  163,  174,  178,  243,  246; 
“apparent”  ami  “equivalent",  161 ; 
determination  of  origin  of  mud,  150  ; 
erosion,  transportation,  and  deposi¬ 
tion  velocities,  158-160;  selection  in 
accumulation  processes,  167 
Grain-size  analysis:  Keroulle  (West¬ 
ern  Brittany).  151;  kurtosis  coeffi¬ 
cients,  229;  La  Vallee,  Ranee  Estu¬ 
ary,  151;  Le  Faou  (Western  Brit¬ 
tany),  152;  Miuihic.  Ranee  Estu¬ 
ary,  151;  Tariec  (Northwestern 
Brittany),  151 
Grammalophora:  426 
Grand  Banks  (Newfoundland) :  614 
Grande  Liard  River  (Louisiana)  :  117 
Grandidierella  bonuieroides:  413,415 
Grand  Isle  (Louisiana) :  621 
Grand  Lake  (Louisiana) :  180,  626 
Grand  Pond  (Falmouth,  Massachu¬ 
setts)  ;  21 
Grass  shrimp :  412 
Grazing;  320,  365,  3 66 
Great  Barrier  Reef  (Australia):  125, 
128 

Great  Bay  (New  Jersey)  :  471 
Great  Rurbo  Bank  (England) :  101 
Great  Estuarine  Series,  Middle  Juras¬ 
sic  (Great  Britain) :  215-216 


Great  Oolite  Series,  Middle  Jurassic 
(England) :  211 

Groat  Ouse  Estuary  (England)  :  102 
Great  Salt  Lake  (Utah) :  410 
Great  South  Bay  (New  York):  292- 
299,  329,  330,  366,  682 
Great  Yarmouth  (England);  103,  104, 
105 

Green  crab :  463,  673,  675 
Green  fish,  534 
Greigite ;  268 
Grey  mullet :  642 
Gribble,  boring :  672 
Groundfish :  616 

Groundwater,  Cutler  area  (Florida); 
489,  490 

Grouper ;  611,  625 
Growth,  log  phase :  322 
Gruberia  uninueleata:  299 
Grunion ;  612 
Grunter :  642,  643 
Gryphca  angulala:  681 
Guadalupe  River  (Texas)  :  115 
Guadiana  River  (Portugal)  :  306 
Guanabara  Bay  (Brazil) :  95 
Guenies  Island  (Washington) :  694 
Guianas:  167,  176 
Guinea:  153,  640,  641 
Guinea,  Gulf  of :  639 
Guinea  shelf  ( Africa)  :  639 
Gulf  Coast  ( Florida)  :  220 
Gulf  Coast  (United  States):  9,  10, 
183,  207,  219,  223,  239,  621,  627,  630 
Gulf  Coast  bays :  222 
Gulf  estuaries :  cyclic  plienomcna  re¬ 
lated  to  fish,  631-633;  fertility  fac¬ 
tors,  627;  tidal  and  salinity  charac¬ 
teristics,  626-627 

Gulf  fisheries :  commercial  fisheries 
production,  624-626;  rank  of  abun¬ 
dance  of  families,  635 
Gulf  of  Mexico:  323,  329,  353,  354. 
356,  408,  409,  410,  565,  568,  570,  582, 
585,  588,  589,  590,  591,  593,  594,  595, 
596.  603,  604.  610,  611.  613,  614,  615, 
622.  623,  627,  636,  677 
Gulf  Stream :  389,  582,  586,  614 
Gull,  Western :  308 
Gunda:  529 
Gunnels :  601 
Gymnodinium:  297 
Gymnodinium  aeruginosum:  297 
Gymnodinium  alba:  297 
Gymnodinium  albulum:  297 
Gymnodinium  aureum:  297 
Gymnodinium  biconicum:  297 
Gymnodinium  breve:  298,  300,  354,  359 
Gymnodinium  fiamm :  296,  297,  298, 
'301 

Gymnodinium  fuscum:  297 
Gymnodinium  grammaticum :  297 
Gymnodinium  helicoides:  297 
Gymnodinium  helerostrialum:  297 
Gymnodinium  lebouri:  297 
Gymnodinium  lunula:  297 
Gymnodinium  minor:  297 
Gymnodinium  minulum:  297 
Gymnodinium  nelsnnii:  361,  36 2,  363 
Gymnodinium  paradosrum:  29 7 
(.’.vwixoWmiam  punter um:  297 
Gymnodinium  renvnescens :  297 
Gymnodinium  simplex:  297 
Gymnodinium  splendent:  293,  296,  297 
Gymnodinium  uberrimum :  297 
Gymnodinium  variable:  297 
Gymnura  altavela:  608 


Gymnura  micrura:  606,  607 
Gypsum :  216 
Gyrodinium:  297 
Gyrodinium  achromaticum :  297 
Gyrodinium  aureum :  297 
Gyrodinium  amtortum:  297 
Gyrodinium  corallinum:  297 
Gyrodinium  fatcatum:  297 
Gyrodinium  lachryma:  297 
Gyrodinium  pingue:  297 
Gyr ostia ma :  426 
“Gytjc":  144 

Habitat :  474,  475,  575,  589 
Haddock ;  612 

Haffs,  lagoons  east  of  Danzig;  95 

Hagfishes:  530 

Hake:  591,  601,610 

Halacarids :  466 

Halfbeak :  405,  406 

Halibut ;  612,  616 

Haticlona:  494 

Halifax  (Australia) ;  438 

Haligraph :  452 

Hatimeda  vpuntia:  494 

Halite :  216 

Halocline:  17,  25,  450,  468,  469,  470, 
586,  588,  658 
Halophila:  402,  403,  404 
Halosphaeria  mediosetigera :  304 
Halteria :  300 
Halterio  grandinclla:  299 
Haminoeo  clegans:  494,  497 
Haminoca  suecinea :  413,  414 
Hannoichthys  africana:  642 
Hardangerfjord  (Norway):  63-70; 
circulation,  65-70;  salinity  distribu¬ 
tion,  64;  temperature  distribution, 
66,  67.  69,  70 

llarenyula  macrcpthalma:  634 
Haringvliet  (Netherlands);  213,  214, 
215 

Haro  Strait  ( Washington-British  Co¬ 
lumbia)  :  273 

Harpodon  nehercus:  648,  649 
flastatella  radians:  293 
Hatteras,  Cape  ( North  Carolina)  :  9, 
11.  323,  582,  586,  614 
Hawaii :  420-431 

Hawkesbury  River  (Australia)  :  127 
“Head”,  pcriglacial  deposits:  150 
Head  of  Passes  (Mississippi  River)  : 
23.  95 

Heart  Lake :  348.  349 
Heart  urchin :  198 

Heat :  448,  468,  6 72,  673 :  addition  and 
dispersion,  672 ;  distribution  in  sedi¬ 
ments,  451 :  effect  on  intertidal  or¬ 
ganisms,  451 

Heat  budget  data  in  circulation  stud¬ 
ies  :  25,  66 

Heavy  minerals:  231,  243,  247  ;  pro¬ 
files,  Yaquina  Bay,  2 32,  234,  235 : 
suites,  Yaquina  Bay.  234-235 
Heeia  District  (Hawaii) :  420^-431 
Heeia  mangrove  swamp :  420,  430,  431 ; 
dissolved  nitrate  and  phosphate,  422 ; 
ecological  analysis,  422-431 ;  salinity 
tolerance  of  animal  species.  429. 
430 ;  sediments  analysis.  423 ;  uptake 
of  phosphate  and  nitrate  by  sedi¬ 
ments,  422 

Heeia  stream :  420,  421,  430 
Hel  (  Poland)  :  95 
Helgoland  (Germany) :  205,  527 
H flier  k aster llunus  434 
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llclice  Icachi:  434 
HcHcostomcUa  cdenlata:  299 
Hclicoslomclla  kiliensis:  299 
Hematite :  231,  235 
Hemieellulose  in  sediments :  458 
Hemichromis  bimaculatus:  642 
Hemichromis  fasciatus:  642 
Hcmicyclidium:  299 
Hcmidinium  nasutum:  297 
llctniyrapsus:  541,  546 

I  Icmii/raps'ts  nodus:  532,  541-547 ;  ca¬ 

tionic  regulation  of  blood  and  mus¬ 
cle,  542-544,  54S;  chloride  regula¬ 
tion  of  blood  and  muscle.  544-545 ; 
muscle  and  blood  water,  545-546 
Hcmiorapsus  orcgonensis:  532,  533 
Hemiramphidae :  641,  650 
Hemirhamphus  gaintarJi:  650 
Hemirhamphus  georgii:  650 
Her  >' rhamphus  limbalus:  650 
Hemisch&is  vircsccns:  527 
Henry,  Cajie  (Virginia)  :  604,  608 
Hens  Cliff  Oolite  (channel  limestone)  : 
211 

Hepsetus  odor:  641 
Heptachlor;  675 
Heptadecanoic  acid :  357 
Herbert  Delta  (Australia) :  126 
Herbert  River  (Australia) :  122,  126, 
438 

Herbivores  :  401, 461,  465 
Hennanus  Estuary  (South  Africa): 
398,4(4 

II  crnicsinuin :  298 

Herring:  533,  535.  590,  591,  601,  614, 
615,  616,  659,  673;  Atlantic,  590; 
Pacific,  590,  591,  612,  614;  river, 
593,  600,  601,  608,  609,  612,  614; 
thread.  601 

Heterobranchus  longifilis:  641 
Heterodinium:  297 
Hetcromastus  filiformis:  200,  201 
Hrtcromyctcris  capensis:  651 
Hctcronema:  294 
Ifclcrnncma  acus:  294 
Hctcropanope  I  ride  n  tala:  673 
llrlcropneuslcs  fossilis:  650 
Heteropneustidae :  650 
Hctcrusumata:  591.635 
Heterotii  nilotieus:  (41 
llclciutrophic  growth  ( heterotrophs )  : 

362,  459,  460 
Hesagrammidae :  592 
Hibiscus  liliaccus:  420,  437 
High  marsh:  108-114;  peat,  distribu¬ 
tion  of  depth,  Barnstable,  109;  peat, 
relation  of  age  to  depth,  Barnstable, 
113 

High  wave  energy  coast:  121 

I  (ill  House  shoreline  (  England)  :  100 

I I  ilsa:  (48,  652,  654 

1 1  ilta  ilisha:  (48.  649 
1 1  ilsa  kauagurla:  649 
Hilsa  manors:  649 
llilsa  tali:  649 

Hinchinbrooke  Channel  ( Australia)  : 
432,  437.  438 

llippn, ampns  brachyrhynchns:  650 
Hippocampus  tree  Ins:  608,  609 
I / ippocampus  sosterae :  495 
Ihppolyle:  495.  497 
Histidine :  369 
Hjerpsted  (Denmark) :  144 
Ho  Bugt,  Bay  of  (Denmark) :  131 
Hogchoker:  601.  610 
llrtjrr  (Denmark) :  144 


Hollands  Diep  (Netherlands) :  149 
Holocuryhaline  species:  415,  416; 

moregulators,  530,  531 
Uolophrya:  299 
Holophrya  marina:  299 
Holoplankton :  500 
Holuslicha:  299 
Holosticha  discoccphalus:  299 
Holuslicha  multistiliata:  299 
“Holothermia" :  355,  359 
Holothurians :  430 
Holozoites :  300 
Homartts:  534 

Homarus  amcricanus:  532,  533,  585 
Homeostasis :  462,  520,  531 
Home  Pond  (New  York)  :  471 
Home  stream :  587,  613, 614,  669 
Hong  Kong :  657 

Hooghly,  Sunderbans  (India)  :  647 
Hooghly-Matlah  (India) :  653 
Hooghly  River  (India) :  647 
Horizontal  eddy  diffusivity :  21,  27,  30, 
31,  32,  33,  35,  42,  45,  40,  48,  49 
Horizontal  salinity  gradient:  18,  38, 
39,  45,  49,  50,  52 
Hornblende .  235,  247 
Horseshoe  bars:  134 
Houston  Ship  Channel  (Texas) :  314 
Hudson  Bay  (Canada) :  583,  604,  624 
Hudson  Estuary  (New  York) :  672 
Hudson  River  (New  York) :  94,  331, 
332, 671,  701,  702 
Humber  Estuary  (England)  :  102 
Humber  River  ( England ) :  103 ;  com¬ 
parative  chart  of  deposits  (East  An¬ 
glian  fenlands),  104 
Humus :  377,  458 
Hunter  River  ( Australia)  :  127 
Hurricanes :  588,  605.  606 
Hutchinson  Island  (Florida)  :  190 
Hyboguathus  nuchalis:  605 
Hydra  liltoralis.  532 
Hydrobia  (hydrobiids,  hydrobies)  :  198, 
‘208,  380,  461,  558,  708 
Hydrobia  ncglecla :  558,  560 
Hydrobia  ulrae:  558,  560 
Hydrobia  Vfntruso:  558,  560,  708 
Hydrociimagraph :  452 
Hydrocyon  brass:  641,  643 
Hydrogen :  457,  458,  459,  528 
Hydrogen  sulfide :  250,  255,  257,  259, 
268-271,  274.  291,  330,  376,  398,  430, 
456,  457,  458,  459,  497,  498,  588;  re¬ 
action  with  goethite,  268-269;  rela¬ 
tion  to  Eh  of  sediments,  269 
Hydroids :  463,  526,  533.  659 
Hydrolysis :  361,  363,  376,  377 
Hydrotroilitr :  248,  254,  255,  259,  268- 
272;  correlation  with  sediment  color, 
254 :  diagenesis  in  marine  sediments, 
268-271;  nature  of,  263;  related  to 
sediment  water  content,  255,  259 
Hydrozoans :  526 
HyMt-Hosama.  40 2,  4C3,  4o5,  406 
Hymmosoma  orbicular?:  401,  405 
Hy  paean  thus  amia:  406,  650 
Hypaniola:  571 

Hyperbolic  methods,  for  position  sur¬ 
veying  :  82 

Hypersaline  water  bodies:  4,  408-419, 
621 

Hypersthene  :  230.  231,  235,  236 
Hyphochytridicmycetes :  303 
II) pome sus  prelims:  612 
Hypor  harm  pens:  406 
Hyporhampkus  kuysnaensis:  405 


Hyporhamphus  sochegeli:  641 
Ice :  451,  592 

Ice  Ages,  glacio-eustacy :  93 
Iceland,  239,  391,  392 
Ichihyocampus  carcc:  650 
Iclalurus  coins:  605 
Iclalurus  furcalus:  632 
Iclalurus  ncbulosus:  605 
Iclalurus  punclalus:  605 
■identification  of  organisms,  related  to 
biological  studies :  446,  558 
Ijsselmeer  (Netherlands) :  662,  673 
IJssel  River  (Netherlands):  149,  659, 
673 

Iliophage :  381 
Ilisha:  653 
Ilisha  ofricana:  641 
Ilisha  elongaia:  649 
Ilisha  iudica:  649 
Ilisha  molius:  649 

Illite:  152,  153,  155,  161,  176,  177,  178, 
247,  262,  454;  flocculation  at  low 
chlorinity,  161 

Ilmenite,  magnetite-ilmenite-chromite : 
232,  235 

Ilyoplax  dentato :  434 
Imo  River  (Nigeria) :  644 
India:  313,  564,  647-657 
Indian  Ocean:  307,  308,  391,  398; 
coastal  zone,  647-657;  capture  fish¬ 
eries,  652-654 ;  culture  fisheries,  654- 
657;  estuaries,  647;  fish  fauna,  648- 
652 ;  lagoons,  648 ;  tidal  regime,  647 
Indian  River  (Florida)  :  409,  668 
Indoeybium  guttatum:  651 
Indonesia :  655,  657 

Induction  conductivity  temperature  in¬ 
dicator  (1CTI) :  73 
Inductive  coupling :  73 
Indus  Estuary  (Pakistan)  :  647,  648 
Indus,  River  (Pakistan)  :  Fr  647 
Infanta,  Cape  (South  Africa;  :  406 
Infauna:  403,  404,  405,  442,  457,  463, 
464,  465,  466,  472,  475 ;  burrows,  197- 
198,  199,  200,  461 ;  colonization,  193 
Infilling  of  estuaries:  126-127,  180 
Iuliaca  Island,  off  Lourenco  Marques 
l  Mozambique)  :  437,  440 
Inhambane  (Mozambique) :  440 
Inland  Waterway  (Florida)  :  296 
Inlet  engineering:  185,  682 
Inlets:  4,  9,  15,  185-190,  222;  bypass¬ 
ing  stability,  186,  187-188;  cross-sec¬ 
tional  stability,  186,  189-190;  loca¬ 
tion  stability,  186-189 
Innisfail  (Australia)  :  432,  438,  440 
Insecurities :  675,  677.  690-691 
Insects,  in  striped  bass  food  relation¬ 
ships  :  601 

Inshore  estuary:  585,  586,  587,  590, 
593,  595,  596,  599,  604,  606-607.  608 
Inshore  t<>  shelf  area,  sediment  profile: 
203,204 

Instruments,  m  situ  monitoring  (See 
also  Current  measurement ;  Salinity 
measurement)  :  476 
Interdeltair  basins:  117-119 
Intergranular  pressure  in  sediment  com¬ 
paction  :  263 

Interspecies  selection:  574 
Interstitial  water:  456,  457,  458,  459, 
473;  correlation  to  sediment  color, 
255 :  quantity  in  the  sediments,  254 
Intertidal  zone :  463,  591,  612 
Intracoastal  waterway :  408 
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Intraspecies  selection :  574 
Invasion  in  establishing  estuarine  bi¬ 
ota  :  7-8,  39M00,  467,  550-552 
Inverse  estuary :  4, 180 
Inversions,  temperature :  222 
Ion  exchange :  160,  378,  456,  702 ; 

membrane  electrodes,  76 
Ion  regulation :  527-528,  541-547 
Ircinia  campana:  494 
Iron:  176,  252-254,  255,  257,  268-271, 
276,  277,  278,  279,  280,  281,  312,  342; 
concentrations  in  organic  fractions, 
253;  hydroxide,  in  marsh  deposits, 
197;  sulfide,  254,  255,  258-259,  268- 
271,281 

Irrawaddy  Delta  ( India) ;  647 
Irrawaddy  Estuary :  648 
Irrawaddy  River :  647 
Irrigation  diversions  (See  Diversions) ; 
612, 613 

Islands,  intertidal :  113, 143, 144 
Isochrysis:  295 
Isochrysis  galbana:  363 
Isoleucine :  369 

Isopoda  (isopods) :  430,  564,  575,  601 
Isostatic  movements :  10,  105 
Isotope  C“  bioassay  method :  341,  346 
Italy:  570 

Ivory  Coast :  640,  641 

Jackfish :  632 
Jacks :  611,  614 

Jade  Bay  (North  Sea)  :  191-201 
Jacra  marina:  570 
James  Bay  (Canada)  :  583,  604 
James  River  (Virginia) :  4,  18,  27,  29, 
31,  33,  34,  40,  46,  49,  601,  602,  669 
James  River  Estuary:  39,  40,  46,  47, 
49,  50,  285;  salinity  distribution,  41, 
50:  salinity  profiie,  31,  41,  48;  veloc¬ 
ity  profile,  31,  48 
Japan :  239,  613,  615,  616 
Japan,  Sea  of :  346,  599 
Java :  647,  655,  656 
Jekyll  Island  (Georgia)  :  491 
Joal  (Senegal)  :  641 
Johnius  carulla:  651 
Johnius  coibor:  651 
Johnius  diacanthus :  651 
Johnius  dussumicri:  651 
Johnius  exillaris:  651 
Johnius  hololcpidotus:  406 
Johnius  osscus:  651 
Johnius  sina:  651 

Jordan  Valley-Dead  Sea,  graben  :  94 
Juan  de  Fuca  Strait  (British  Colum¬ 
bia- Washington)  :  19,  53,  330,  331, 
694,  695,  698;  density  and  velocity 
structure,  28 ;  net  circulation,  53 
Juan  <le  Fuca— Strait  of  Georgia  sys¬ 
tem,  temperature  salinity  diagram : 
S3.  330,  331 
Jubilee  588,  624 
Juen  lagoon  (Ghana)  :  640 
Jump,  The  (Mississippi  Delta):  117; 
sundelt-i  near  height  of  depositional 
activity,  118;  suhdelta  showing  sub- 
sidence  effects  during  present  process 
of  abandonment,  1 19 
J uncus:  378,  386,  387,  402,  403,  404 
Junons  kraussii:  401 
Jutland  (Denmark):  129,  130,  132, 
135,  140;  southwestern,  geomorpho- 
logical  map.  132 

Juvre  Dyb  (Denmark) :  131,  133,  135, 
136 


Juvre  Dyb  Inlet;  130,  131 
Juvre  Priel  (Denmark) :  134, 135 
Juvre  tidal  channel  (Denmark) :  137 

Kabeljaauw :  406 
Kalamia  Creek  (Australia) :  126 
Kamchatka  (U.S.S.R.) :  582,  590 
Kampen  (Netherlands) :  659 
Kaneohe  Bay  (Hawaii) :  428,  430 
Kaolin :  454 

Kaolinite:  152,  155,  161,  177,  247,  454; 

flocculation  at  low  chlorinity,  161 
Kaolinitic  clay  :  155,  160,  222 
Kapatchcz  Estuary  (Guinea) :  153 
Kapatchez  River  (Guinea) :  153 
Kattegat  (North  Sea) :  129 
Kelpfishes :  591 

Kemble  Beds  (channel  limestone) :  211 
Kent  (England) :  106 
Kenttrophoros  fasciolata:  299 
Kephyrton:  295 

Kerala  (India) :  648,  652,  653,  654,  657 
Keronopsis  flavicons:  299 
Keroulle  (France) :  150 
Kerry,  County  (Ireland) :  153 
Keta  Lagoon  (Ghana) :  639,  640,  642, 
645 

Kiel  (Germany)  :  493,  548 
Kiel  Bay  (Germany):  287,  392,  393, 
444 

Kiel  Bight  (Germany) :  392 
Killifish :  496,  497,  595,  601,  607 
Kimberley  (Australia)  :  124 
King  Lake  (Australia)  :  124 
King  Sound  (Australia)  :  124,  125 
Kinorhynchs:  466 

Kinso  River  (Norway)  :  discharge  and 
surface  salinity,  65 
Kitoi  Bay  (Alaska) :  592 
Klamath-Siskyou  Mountain  (Oregon- 
_  California)  :  236 
Klein  River  (South  Africa) :  647 
Klorckcra  apiculata:  307 
Knight  Inlet  (British  Columbia)  :  35 
Knudedyb  (Denmark)  :  134 
Knudedyb  inlet  (Denmark)  :  130,  131 
Knudsen’s  equations :  65 
Knysna  Estuary  (South  Africa)  :  397- 
407,  442,  462  463,  464 ;  biotic  zona- 
tion,  401-404;  factors  determining 
faunal  richness,  397-399;  faunistic 
components  and  their  distribution, 
399-401 ;  trophic  relations,  405-407 
Knysna  River  (South  Africa)  :  397 
Kob  ■  406 

Kola  Peninsula  (U.S.S.R.)  :  95 
Konda  Valai,  fishing  gear  :  652 
Konkoure  River  (Guinea):  153,  156, 
640 

Koolau  Mountain  Range  (Hawaii): 
420 

Korea :  583 
Kmcala  coral:  649 
Kraals,  fish :  653 
Krimpen  (  Netherlands)  :  149 
Krishna  ( India) :  647,  652,  654 
Kuhlia  sandriccnsis :  425,  426,  427,  428 
Kurtidae .  651 
Kurtus  indicus:  651 
Kyanite:  230,  231,  235 

IaiI’co  rohita:  649 
l.ahco  irncyalrnsis :  641 
Ijtbidoccra  acsthxr.  323,  501 
J  Jib  oca :  299 
I.*brador :  583 


Lacrymaria  a! or:  299 
lMcrymario  papula:  299 
Lactic  acid :  459 

Laevicardium  morUmi:  412,  413,  414, 
494 

Lafourche-Mississippi  Delta:  117 
Lag  concentrate :  212,  214 
Lag  effect:  163-166 
Lagoccphalus  laevitjatus:  642 
Layodon  rhnmboidcs:  413,  415,  495, 
496  408  644 

Ugoons :  4,  6,  7,  8.  9,  127,  175,  180. 
213,  216,  220,  404,  590,  591,  614,  657; 
coastal,  223,  408 ;  coastal,  floors,  222 ; 
distribution,  9;  estuarine,  121,  126; 
hypersaline,  412,  442;  processes  in 
development,  223 ;  West  African 
coast,  640 

Lagos  ( Nigeria)  :  639,  640,  641 
Lagos  Harbor  (Nigeria)  :  640 
Lagos  Lagoon  (Nigeria)  :  640,  642 
Lag  pavement :  207 

Laguna  Madre  (Texas)  :  95,  182,  408- 
419,  621,  624,  629,  630;  age,  408; 
biomass  and  production,  417 ;  dimen¬ 
sions,  409;  fish  fauna,  411-412;  im¬ 
provements,  409,  410;  molluscs,  412, 
413,  414;  plant  life,  410-411;  salin¬ 
ity  regime,  409,  410;  temperature- 
salinity  conditions,  410;  thin  grass 
system,  416 

laguna  Madre  de  Tamaulipas  (Mex¬ 
ico)  :  408-419 
Layymmus  pumilio:  299 
Lampreys :  590,  591,  605,  608 
Latoya:  402 
I.amya  capensis:  405 
Lancashire  (England)  :  100,  101 
Landbound  estuary :  582,  585,  604 
Landpriel  (offshore  channel)  :  141,  143 
Land  reclamation,  based  on  estuarine 
research:  143 

Langcbaan  Lagoon  (South  Africa)  : 
399 

Lattice  conehilet/a :  201,  204 
I.aotnedca  lureni:  526 
Jarimus  don  flatus:  642 
I.arimus  fosciatus:  608 
Larus  argcnlatus:  309 
/. arus  fuscus:  309 
Larus  t/cnci:  309 
Larus  occidentalis:  308 
l.arus  ridibundus:  309 
larvae :  324,  511,  603,  615 ;  ammocoetc. 
of  lamprey,  608 ;  barnacle,  469-471 ; 
estuarine  retention.  468,  469,  470. 
471 ;  nonpelagic,  468 ;  planktonic,  be¬ 
havior,  472,  475;  planktonic,  disper¬ 
sal  and  distribution,  469-471 ;  plank¬ 
tonic,  estuarine,  470,  471,  472;  plank¬ 
tonic,  euryhaline  marine,  470;  plank¬ 
tonic,  euryhalinity  of,  471 ;  plank¬ 
tonic,  life  cycle  stage--,  469.  471,  472: 
planktonic,  pelagic,  447,  450,  452, 
455,  467,  468,  469,  470;  planktonic, 
settlement,  472:  planktonic,  trans¬ 
port,  449,  468,  469,  472;  rearing,  467. 
472 

larval  broods  (swarms) :  470,  471 
larval  populations:  471 
larval  trap:  470 

late  Cenozoic  uplift,  Oregon  Coast 
Range :  226 

late  Pleistocene,  sedimentation  rates: 
180 

I.ates  calcarifrr:  648,  650,  656 
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Laics  nilolicus:  641 
Latitude :  447,  462,  467,  548-552,  SS6 
Latitudinal  distribution  of  species :  447, 
548-552,  556 

Latmian  Gulf  (Turkey)  :  98,  99 
Laurciuia:  494,  498 
I -auric  acid :  355 

Lauwers  Zee  (Netherlands),  distribu¬ 
tion  of  fine-grained  matter :  175 
La  Vallee  Creek  (  France) :  150 
lead :  276,  277,  279,  280,  281 
Lcbistcs  rc  lieu  lotus:  423,  425,  426,  428, 
429 

Leervis  (garrick) :  406 
1-e  Faou  (France) :  150,  152 
Leiognathidae :  650 
Lciugnathus  blochii:  650 
Leiognathus  brevirostris :  650 
Leiognathus  cquulus:  650 
Lciognathus  jasciatus:  650 
Leiognathus  ruconius:  650 
Lcioslotnus  xantliurus:  415,  590,  593, 
609,  610,  625,  634,  635,  669 
Leisure  Isle  (South  Africa) :  403,  404, 
405 

Lek  River  (Netherlands)  :  149 
Lcmbadion  bullinum:  299 
I. embus  infusionum :  299 
Le mbits  pusillus:  299 
lemon  Bay  (F'lorida) :  298 
Lenticular  bedding :  196-197 
Lcpidochelys  olivacca:  611 
Lepisostcus  osscus:  605 
Lcpocinclis  ovum:  294 
Ie  Pointeau  (France) :  154,  155 
Lepomis  maervehirus:  605 
Leptochclia:  571 

Leptocyliudrus  danicus:  321,  364,  365, 
504 

Ieptopel :  367,  376,  448,  454,  461 
Lcptosynapta  inhacrens:  368 
Iethrinidae:  651 
Lethrinus  ncbulosus:  651 
Lcthrinus  reticulatus:  651 
leucine :  369;  excretion  of,  363 
Ieucoxene :  232,  235 
levee :  95,  136,  622,  670 ;  flank  depres¬ 
sions,  117 
level  bottoms :  465 

level  of  no  net  motion :  18,  25.  27,  469, 
470,  585,  586.  588 
Lianas :  433 

Liberia :  583,  640,  641,  642,  643,  644 
Ltchia  amis:  641 
Lichia  glauca:  641 

Life  history  stages :  627-628 ;  transport 
and  distribution,  452,  469-473,  628 
Light :  449,  452,  469,  470,  475 ;  effect 
on  excretion  of  algae,  361,  362,  363; 
inhibition,  348,  349;  injury,  346,  347, 
348 ;  intensity,  measurement  using 
diazo  paper,  421 ;  simulation.  346 
Light  penetration:  457,  693,  698,  699; 
factors  determining  extent  of,  319, 
452,  695 

Ligia  exotica:  555,  556 
Lignicolous  fungi :  303-304 
Lignin :  377.  458 
Lima  pellucida:  495 
Limestone :  211-212,  448.  488.  489 
Limestone,  channel :  211;  vertical  pro¬ 
file.  211-212 

Limestone,  Cretaceous,  in  Denmark : 
129 

Limestone,  I -ate  Tertiary,  in  Florida 
Gulf  bays:  722 


Limestone,  oolitic;  211-212,  488 
Limited  entry,  in  fislieries  manage¬ 
ment  :  602 

Limnetic  species :  443,  673,  674 
Limnetic  zone :  443 
Limnoria:  672 
Limnoria  lignorum :  428 
1-imonite :  231,  235,  268 
l.imunium:  403,  404 
Limpets :  401 
Limulus:  472,  565 
Lincoln  ( England )  :  102 
Lincolnshire  (England):  102;  Upper 
Estuarine  Series,  215 
Lindane :  677 
Lingcod :  591 
Linoleic  acid :  355 
I.ionntus:  299 
Lionotus  cygnus:  299 
Lionotus  fasciolata:  299 
Lipids:  376,  454,  458;  excretion  of, 
362,  363 

Listerdyb  (Denmark) :  134,  135,  138 
Listerdyb  Inlet  (Denmark) :  130, 131 
Lilhognathus :  406 
Lithognathus  lithugnathus:  406,  651 
Litter  bags,  use  in  detritus  studies  :  384, 
386,387 

Little  Egg  Harbor  (New  Jersey) :  471 
Little  Lake  (Louisiana)  :  117 
Littoral  drift:  185-190,  228,  236;  by¬ 
passing,  187;  direction,  229;  field 
tests,  185;  load,  189;  rate  of,  185, 
187 

Littoral  zone:  467,  593;  yeast  popula¬ 
tion  densities,  306 
Lillorina:  403 
Lillorina  irrorata:  635 
Littorina  knysnaensis:  404,  405 
Lillorina  liltorea:  550 
Lillorina  ncbulosa:  413 
Lillorina  scabro:  427,  428,  440 
Liverpool  (England)  :  101 
Liverixx)!  Bay  ( England) :  3G 
Liverpool  Marine  Biology  Committee 
Memoirs :  473 
Liza:  406 
Liza  ramada:  650 
I.obate  deltas:  116 

Lobotes  surinamiensis:  495,  642,  650 
Lobotidae :  642,  650 
Lobster :  507,  532,  533,  585,  601 
Loch  Striven :  319 

Loire  Estuary  (France):  154,  155; 
suspended  sediments  during  ebb  and 
flood  tides,  154 

Loire  River  (France) :  155,  156 
London  (England) :  105 
London  Basin  (England)  :  historical 
development,  105 
London  Bridge  :  29,  105 
Long  Island  (New  York)  :  329,  230 
Long  Island  Sound:  19,  311,  316,  317, 
318,  320,  321,  322,  i23,  324,  325,  344, 
367,  385,  465,  598,  599,  600,  701; 
seasonal  occurrence  of  phytoplank¬ 
ton,  321 

I-ongitudinal  oblique  bedding,  front 
mtsch  flat  showing  tension  shear : 
201.202 

Long-line  fishing:  643 
I-ongshore  currents :  185 
l-ongshore  drift :  229 
I-ookdown :  607 

Lopholatitus  chamaelt antic eps:  589 
Lot  Angeles  (California) ;  708,  709 


Louisiana:  96,  378,  570,  622,  623,  626, 
633,  635 

Lourcnco  Marques  (Mozambique): 
398,  437,  440 

Lower  Amazon,  deltaic  stream  pattern : 
98 

Lower  Clarion  Coals,  marine  and  near¬ 
shore  fossils :  214 

Lower  Devonian  estuarine  sedimen¬ 
tary  rock :  211,  215 

Lower  Kittanning  Coals,  marine  and 
nearshore  fossils ;  214 
Lower  Mississippi  River,  fish  kills: 
690 

Lower  Pennsylvania  Coal  Measures, 
estuarine  deposits :  214 
Lower  Rags  (channel  limestone)  :  211 
Low  Isles  (Australia),  mangrove 
swamp  fauna :  430 

Low -runoff  circulation  (Silver  Bay, 
Alaska) :  54 

Low  stand:  pre-Recent,  97;  (See  Sea 
level) 

Low  wave  energy  coast:  121,  128 
Loxophyllum  undulatum:  299 
Loxophyllum  uninuclralum:  299 
Loza  River  ( Madagascar)  :  156 
Lucnnia  parva:  495,  496,  497,  498,  634 
Lucinda  (Australia) :  438,  440 
Lucrine,  Lake  (Italy)  :  660 
Lummi  Island  (Washington)  :  694 
Lumnilscra:  439 
Lumnitzera  litlorea:  437,  438 
Lumnitzera  racemosa:  433,  437,  438 
I-utianidae :  650 

Lutianus  argeniimaculalus:  650 
Lulianus  iohni:  650 
Lutjanidac :  642 
Lutjanus:  642 
Lutjanus  agennts:  642 
Lutjanus  blackfordi:  625 
Lutjanus  denlalus:  642 
Lutjanus  eutactus:  642 
Lutjanus  gorcensis:  642 
Lutjanus  guineensis:  642 
Lyngbya  confervoides:  411 
Lynn  ( Massachusetts) :  108 
Lynn  Deeps  (England)  ;  102 
I.ysefjord  ( Norwa> ) :  65 
Lysine,  excretion  of :  363 
Lytham  (England) :  100 

Macapa  (Braail) :  97 
Mackerel :  61 1 ;  horse,  642 ;  king,  625 ; 
Spanish,  625 

Mackinawite  (tetragonal  FeS) .  268 
Macoma:  402,  403,  571 
Macoma  brevijrons:  413, 414 
Macoma  litoral  is:  404 
Macoma  tenia:  413 

Macrobrachium:  427,  428,  429.  4J0,  642 
Macrobrachium  malcolmsonii:  649 
Macrobrachium  mirabile:  649 
Macrobrachium  ohiemis:  632 
Macrobrachium  rude:  652, 656,  657 
Macrobrachium  scabrieulum:  652 
Macrofauna  (See  also  Megabenthos; 

Mcgafauna) :  467, 62T 
Macrognathus  aculratns:  651 
Macrophthalmus:  440 
Macrophthalmus  lalreiilei:  436,  440 
Macrophthalmus  paci ficus:  436,  440 
Mactra:  403 
Mactra  adantoni:  401 
Mactra  fragilis:  413,  414 
Madagascar :  156,  213 
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Madras  (India) :  648, 652, 654 
Madura  (India) :  655, 656 
Maeander  Delta  (Turkey) :  98 
Marauder  River  (Menderes)  (Tur¬ 
key)  :  98 

Magdalena  River  (Colombia) :  583 
'  ire,  Lake  (Italy-Switierland) : 


Magnesium:  177,  .716,  342,  456,  528, 
541, 542,  543 

Magnetic  Island  (Australia):  437; 

mangroves,  436, 437 
Magnetite,  magnetite-ilmenite-chro- 
mite:  2>2,235 

Mahanadi  Estuary  (India) :  647,  652, 
653 ;  utilization  of  catches,  654 
Mahanadi  River  (India) :  647, 648 
Maine :  207, 210,  568,  570,  590,  608 
Maine,  Gulf  of:  9,  311,  312,  318,  322, 
337, 361, 364,  365 
Maiunga  (Madagascar) :  156 
Maidanid  worm :  368 
Mallomonas:  295 
Mallotus  catervarius:  612 
Mammals :  591 

Management  of  estuaries :  683-686 
Manchester  Ship  Canal  (England): 
101 

Mandp  Island  (Denmark):  130,  133, 
134,  140,  142 

Manganese :  276,  277,  278,  279,  281 
Mangoku-Ura  Inlet  (japan) :  442 
Mangrove,  definition :  432 
Mangrove  communities :  122,  432,  437- 


Marine  forelands  (Denmark) :  140 
Marine  realm  of  deposition :  230-231 
Marine  sedimentation,  environmental 
areas :  180,  181 ;  continental  shelf, 
180,  181 ;  marginal  marine  bays  and 
lagoons,  180, 181-182 
Marine  species:  penetration  of  brack¬ 
ish  water,  550 ;  population  estimates, 
633 

Marine  terrace :  10 ;  Pleistocene,  227 
Marinogammarus  finmarchicus:  530 
Mark-and-recapture  technique :  594 
Marphysa :  403,  437 
Marphysa  gravelyi:  529 
Marphysa  sanguinea:  401,  405,  437 
Mars  Diep  (Netherlands) :  659 
Marsh  (See  also  Salt  marsh):  108- 
114;  ancient,  108;  floating,  “flotant”, 
118;  high,  108-114;  intertidal,  108- 
111, 113 

Marsh  crab :  401 

Marshfield  (Massachusetts) :  567 
Marsh  grass  (Sparlina) :  108,  112, 
383-388 ;  decomposition  of,  386,  387 
Marsh  Island  (Louisiana):  Recent 
Mississippi  River  delta,  115 
Marsh  microfauna :  284 
Marsh  sediments:  219,  222,  223 
Marsh  vegetation :  rate  of  -composi¬ 
tion,  38'i,  387;  source  of  >rganic  de¬ 
tritus.  377,  378 

Martha's  Vineyard  (  Massachusetts) : 
570 

Maryland:  596,  602,  603,  608,  611,  615, 


Mangrove  fauna:  434-437,  439,  440; 
modifications  due  to  estuary  entering 
the  s-a,  4-8) 

Mangrove  flor, :  432-433,  437-440; 
modifications  due  to  estuary  enter¬ 
ing  the  sea.  440 

Mar.gove-f  ringed  estuaries:  resulting 
from  changing  distributary  patterns, 
126 

Mangr  >ve,  red  :  420 

Mangroves:  1  ”*2,  124,  223,  378,  398, 
420-421  430  431,  432-440:  influence 
of  tn,-'-oni"»'ital  factors.  440 

Mangrove  swi.nps:  127,  420-431,  453, 
45a,  473  475.  488,  639;  diurnal 
charges  m  physical  and  chemical 
properties  of  water,  423,  425.  428 : 
fish  culture  potential,  645,  655,  657 ; 
physical  ami  chemical  properties  of 
water,  420.  428.  430-431 ;  primary 
producers,  421.  423,  424.  425,  426, 


Massac  nusetts:  114,  261,  568,  571,  590, 
602,  607,  616 
M assart ia:  ?°7 
Massartia  gi  <  %dula:  297 
Massartia  glauca:  297 
Massartia-katodinium  rotundata:  295 
Massartia  rotundata:  296,  297,  301 
Mass  continuity,  equation :  45 
Massif  Central :  153 
Mass  mortality :  588,  595,  624 
Mastacembeliilae :  651 
Mastacembclus  ormolus:  651 
Masligias  occllola :  428 
Matagordo  Bay  (Texas)  .  675 
Maurrpas.  Lake  ( laxiisiana)  :  626 
Mclean  Point  ( Oregon )  :  226,  233. 
234.  235,  236 

Meander :  134.  169;  pattern,  H3 
Mean  high-water  level,  rate  of  rise: 

li2 

Mean  salinity  :  influence  of  w  ind  stress. 


427.  423,  429,  primary  productivity  47-48,  51 

measurement,  421,  424.  425.  426,  427,  Mean  vclocitv:  function  of  depth,  29; 
428  influence  of  wind  stress,  47-48 

Manly  (  Australia) :  440  Measurement  of  currents:  80-89 

Mannitol,  excretion  of :  363.  .364  Medical  electronic*,  flow  measure- 

Man's  relationship  to  estuaries:  581,  mrnts:K7 
585,  591,  597.  602-603,  610.  614,  615-  Mediterranean  Sea  176.  449,  464,  $58. 
616 :  human  populations,  9,  667  ;  564,  565.  569.  570.  571 .  (*0 

mail's  role.  667-686  Megahrnthos :  442.  445.  447.  460,  466, 

Maracaibo,  l.ake  ( Venrtuela )  :  239  473 

Marrasitr :  268  Mrgalauna  :  47b 

Margaric  acid  :  357  Mcyalospsi  cordyla:  650 

Marine  basins,  characteristi  c  ■  239  Megxlopsdae  :  649 
Marine  bioassay  trehrv  ’  •-  -m-  Megalopolis  701 

trophic  assays,  341 .  tic  Megalops  atUmuus  641 

assays.  341  M  f  galops  rr pnmoidrs:  649 

Marine  flagella* s,  cart  -i  y-rate-  esj-  Megoptera  nodosa:  591 
err  ted  by  :  361  Megaripples  :  210.  214 ;  dm  for- 

Marinr-Auviatile :  realm  of  deposition.  nation,  212,  214 
230-231 ;  sediments,  235  Meiobenthos  442.  445,  447.  460.  473 


Meiofauna :  466,  476 
Melaleuca :  437 
Mclampus  panvlus:  428 
Melania  indefinita:  423,  425 
Melbourne  ( Australia)  :  440 
Melita  seylanica :  405 
Melnikovite :  248,  269 
Melongcna  corona:  494 
Melosira  yranulata :  513 
Meiosira  suleate:  ,193 
Membrane  potential,  generation  of :  75 
Mcmbras  vagrans:  634 
Menhaden :  584,  588,  590,  593,  594,  595, 
597-601,  603,  610,  611,  613-614,  615, 
616,  624,  628,  629,  633,  634.  636 
Menhaden  fisheries :  613-614,  615 
Menidia:  629 

Menidia  beryllina:  414,  608,  629.  634 
Menidia  beryllina  peninsular:  411,  413, 
415 

Menidia  menidia:  609.  610 
Mcnippe  merccnaria :  625 
Mcnont  formation :  526 
Menticirrhus:  625 
Mentieirrhus  amerieanus :  609,  635 
Menticirrhus  saxatilis:  608 
Merced,  1-akc  (San  Francisco,  Cali¬ 
fornia)  :  551 
Merccnaria:  36 9 

Merccnaria  merccnaria:  368,  455,  468. 
469,  471,  669;  larvae,  470;  petliveli- 
gers,  472 

Mercicrclla:  660,  707 
Merctrix:  652 
Mcrluccius  bi/incarts:  608 
Mcrlucci  s  productus  :  591 
Meroplankton :  500 
Merotrichia:  298 
Merritt,  1-ake  (California)  :  707 
Mersey  Kstuary  (England):  29.  30. 

32,  40.  46.,  48.  49.  100,  101 
Mersey  Narrows:  46,  48;  horizontal 
eddy  iliffusivity.  30 
Mersey  River  (  England)  :  33.  41.  105 
Mcsodmium  acorns :  299 
Mesodinmm  cine  turn:  2’W 
Mcsodmium  pules r.  299 
Mcsodmium  rubrum:  299,  300 
Mcsuhalinr  :  605.  606 
Mesquite  Rincon  (Texas)  :  408 
Metabolic  rate:  in  latitudinal  studies, 
447 ;  non-grnetic  adaptation.  534 
Metabolism  :  368 ;  anaerobic.  370 :  co- 
halamin  production  by  hrnthos.  317; 
oxidative,  370.  371 

Metabolite :  292.  364.  448.  4M),  516; 
extracellular.  JOO;  nitrogenous.  298. 
organic.  316.  353.  ,V>1 
Metacerraria.  in  Cv alhura:  568 
Mela*  silts  Irmucata  299 
Mctallo-organirs  254 
Metamorphosis  468.  469.  471.  472 
Mr  lame  ma  2**4 
Metanxma  variable:  294 
Mctapmocni  a  finis  649 
Mctapcnacus  brevvornu  U 49.  656 
Mclaprnacus  dobsoni  530.  649 
Metaprnacus  moaoccros  5 JO,  53J.  656 
Mrtaquartzitr.  231 

Mrtazna  i metazoans)  4b6;  assimila¬ 
tion  at  dissolved  substance  bv.  353: 
orrurrmre  ip  salmilirs  of  4$  V,  m 
hays  and  lagunm.  Northwestern  Gulf 
id  Mexico,  415 
Methane  374.  376.  M0.  457 
Methionine :  W 
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Metis  japonic  a :  412,  415 
Metopoyrapsus  gracilipes:  434,  435, 
436.  440 

Metopoyrapsus  latijrons:  436,  439,  440 
Metopoyrapsus  mtssor:  425,  427,  428, 
435 

Metopograpsus  pact  ficus:  434 
Met  opus  cs:  299 
Mclsehnikowia  krissii:  308 
Metschnikowia  sobeilii:  308 
Meuse  Kstuary  (Netherlands)  :  213 
Meuse  River  ( Netherlands )  :  213,  660, 
674 

Mexican  Laguna  Madre  (Mexico): 

408.  410.  413,  414 
Mexico:  9,  496, 621,630 
Mexico,  Gulf  of:  9,  94,  96,  97,  115, 
155,  175,  183,  220,  221,  292,  308,  323, 
408,  409,  410,  670 ;  barriers,  95 ;  sedi¬ 
mentary  materials  of  bays  compared, 
223 

Miami  (Florida) :  488,  489. 630 
Miami  Canal  (Florida)  :  492 
Miami  River  (  Florida) :  306.  308,  495 
Mica:  235 

Michigan  Basin :  216 
Micractinium  pusiltus:  293 
Microbenthos :  442,  447,  456,  461,  474 
Microbiological  assays,  microdetermi¬ 
nation  on  seawater  constituents :  341 
Microbiology:  341-332,  457,  460,  466, 
472.  702 

Microbiomass :  390,  392.  393 
Microbiota:  290-394.  291-301,  374.  379, 
381 ;  microclimatic  factors.  294 ;  re¬ 
lation  to  chemical  composition  of  the 
water,  301 

Microcommunity,  benthic :  459 
Microenvironment:  453 
Micrufauna :  biofacies  ui  Rappahan¬ 
nock  Kstuary.  285 ,  collective  influ¬ 
ence  of  water  types,  284,  distribu¬ 
tion  patterns  in  various  estuaries. 
286-287 ;  nutritive  role  of.  380-381 
M.  'flora :  nutritive  role  of.  380 
Muroyadus  proximus:  591 
Mu  rogadus  lomcod:  608 
M  ierogobtus  tkailasimus  606,  607 
Murngromut:  293 
Mirronulrients :  379 
Microorganisms .  456,  459.  460,  461 
462.  472,  476 

Microptn/tm  undulatns:  413,  415,  590. 

593.  609.  613.  623.  633.  634.  669 
Microspheres,  Irmtebotilal :  270 
Microlkorax  pusiltus  299 
.Vicfttfkor ax  rule  ala  299 
Mid-channel  shoal  (middle  ground): 
97 

Middens  4J8 

Middle  Jurassic  England  tidal  Hat 
irdimrnts.  216;  (ireat  Britain,  an¬ 
cient  estuarine  sediments.  214;  Wy- 
tvnu^.  salt  deposit*.  216 
Middle  Kittanmng  Coals,  marine  and 
nearshore  fossils :  214 
Midshipman  591 

Migration  451.  470.  472.  474.  S54.  581. 
MS.  587.  388.  59|.  392-393.  597.  S9B. 
MM  MW,  610-611.  612-113.  669.  670: 
“rapid""  lateral,  of  inlets  and  rivers. 
186.  214;  vertscal.  451.  4*> 

Migratory  component,  estuarine  fauna 
3W 

Miletus  (Turkey) 

M  lfod.  F-iuassan:  677.  fill 


Milford  Estuary :  448 
Milford  Haven  (Connecticut) :  549 
Milk  fish :  648,  655,  656 
Milliammina  jusca:  283,  285 
Mineral  particles,  related  to  bound  or¬ 
ganic  aggregates :  459 
Minerals,  dissolved  :  447,  448 
Minihic  Estuary  (France) :  110 
Miniseula  bipes:  297 
Minnows ;  595,  601 
Miocene :  105,  243 

Miramkhi  Kstuary  (Canada):  442, 
468,  469,  470,  471,  668,  669 
Miramichi  River  (Canada) :  38,  668 
Misch  flat:  193,  195,  196,  197,  199, 
201 ;  bedding,  201 

Mission  Bay  (California):  223,  292, 
296,  297,  29 9,  301 
Mississippi :  570,  626 
Mississippi  clay,  in  Tampa  Bay  sedi¬ 
ments  :  222 

Mississippi  Delta:  119,  120,  175,  182, 
219,  222,  243,  287;  ‘tnrdfoot”,  116; 
rate  of  deposition,  183;  vertical  dis¬ 
tribution  of  suspended  matter  off  the 
del*  .,  174:  West  Bay.  117 
Mississippi  Estuary:  23 
Mississippi  Ixiwer  Delta;  95 
Mississippi  River:  16.  24  40,  96,  97 
115,  118.  155.  182,  329.  581.  582,  583. 
587,  621.  622,  62 3.  uJO.  635,  636,  670, 
671.  t> 77;  barriers,  95;  deltas,  115— 

1 16 ;  North  Pass,  current  velocity  and 
chlorinity  profile,  171 ;  salt  wedge, 
23,  24,  38;  sediment  transport.  222, 
Southwest  Pass.  24.  95 ;  South  Pass, 
95 :  volume  of  flow.  687 
Mississippi  Sou.'<d :  28 7,  288,  623.  637; 
harriers,  95;  color  distributions  in 
Recent  sediments,  248;  mirrofauna! 
patterns.  287 

Mississippi  Valley  alluvium :  93,  94 
Mississippi  Valley  system,  physiog¬ 
raphy:  115 

M-trhrll  Kstuary  (Australia)  :  128 
Mitchell  River  (Australia)  :  124 
Mitrclla  lumata  413.  414 
Mixing  3.  4.  5,  16,  17.  19-33.  583,  58S. 
590.  614;  busk  prinripir*  of.  19; 
half-iifr.  20;  overall  analysis.  19-22; 
quantitative  treatment,  22-33 
Mixing  price ss  :  dispersion  curve  meth- 
23  '■  tidal  prism  and  segmrata- 
tum  methods.  2D 
Mucmiopns  356.  357.  359 
.lfa«h>)ni  mecradn  415 
Muhde  .  Alabama )  :  96 
Mobile  Bay  (  Alabama)  :  96,  221.  222. 
621.  623.  624.  626.  630.  631 ;  daiuc 
estuary,  219;  -Vita-surface  advance. 
97 

MuUle  River  ( Alabama)  115.  155 
621 

Mochoridae  641 

Maoris :  estuarine.  |6  46.  446.  474, 
675.  W7 ;  mathematical.  22.  509  (A) : 
plarkhm  community.  S09-5IJ 
M  dudat  demur «j  473,  55n 
Mcdul--  Ufdw'u  ■  413.  494.  497 
linen,  i  (  Netherlands  >  :  |49 
Mdgrlteotrr  mnrawr  Denmark)  :  144 
Mu&usra  (nmilmes)  412,  413.  413. 
425.  4J8.  434.  436.  459.  472  494-495 
526.  52*.  513.  SSg,  SMI.  574.  585.  5*1 
625.  62*.  655.  659,  Jm 
transplant  SS2 


Molluscan  assemblages,  Laguna  Ma¬ 
dre:  412-414 

Molokai  (Hawaii) :  420,  493 
Molybdenum;  276,  277,  278,  279,  280, 
281,  342,  348,  349;  concentration  in 
surface  sediments  as  a  function  of 
reducing  capacity,  280 ;  colloidal  sul¬ 
fide  sol,  280;  co-precipitation  by  iron 
sulfides,  280-281 ;  distribution  in  Cas¬ 
tle  Lake  (California),  348 
Molybdenum  oxide :  458 
Momentum  current  meters :  86 
Monas:  295,  296,  301 
Monockrysis:  295 

Monoehrysis  lutkrri  322,  362,  363,  527 
M r.nodacM :  461 
Monodactylidae :  642 
Monodactylus  argmteus:  651 
Monodinium  balbiani:  293,  299 
Mcmotretus  cut  cut  ia:  651 
Monsoons:  122, 124 
Mont  St.  Mkhel  ( France) :  3 
Montmorillonite :  155,  161,  176,  177, 
247,  262,  454;  flocculation  of.  with 
increasing  rhiorinity,  161 
Montmorillonite  clay :  178.  222 
Mounhsh :  634 

Moreton  Bay  (Australia)  :  128 
Morrtnn  Island  (Australia) :  128 
Morichr*  Bay  <  New  York) ;  330,  682 
Morro  Bay  (California)  :  223 
Morrumhrne  Kstuary  (South  Africa)  : 
399 

Mortality  of  nekton;  584  588  594 
595,  597.  598.  602.  612,  613.  615 
Mortality  ra'rs :  471 
5loruya  Kstuary  (Australia)  :  126 
Moruya  River  (  Australia) :  127 
Moasrl  Bay  { Smith  Africa) :  397 
Mossman  (  Australia) :  432, 438,  440 
loxastoma  masroUpidotum:  60S 
Mozambique:  156,  399.  430;  mangrove 
swamp*,  fauna  of.  4J0 
Mozambique  Current :  398 
MSX  <  multi -mr  ‘rate  sphere  X)  :  681 
Mucus :  380.  454.  4M>,  46) 

Mud:  176.  201.  454.  457,  459.  461,  464. 
465,  466;  studies  of  origin  (Brit¬ 
tany).  150 
Mud  crab:  412.  463 

Mtsd  deposits .  197 ;  determination  of 
physktxhetnical  characteristic*.  177 
Muddy  sand,  faunal  richness  of:  462. 
466 

Mud- flaw rs  :  196 
Mod  flats  (slikkes) 
bedding.  197 
Mud  mourl  405 
Mod  prawn :  404 
Mtai-sand  i notch)  flat: 

Mudtktppert  436.  644 
Mudstonrv  Oregon  Coast 
236 

Vagif  405.406,642.648 
Mufd  Mfsfiu  64| 

Mugd  Mama k:  650 
Mmyd  ferwnru  650 
Mufd  hsnkrtni  64| 

M ajfff  Copula:  641 

Mufd  ftpMus  4H,  413.  4|$,  427.  4S, 
598.  6Mx  MI7.  625,  628,  633,  634.  635. 
641.650 

ifagtf  ,'OiuU  656 
Mum I  .marmu  650 

Mufd  rurrwut  6 25.  634 
Mufti  hi npmau.  641 


150.  454.  457; 


201 


236. 


744 


Mugil  grandisquomis:  641 
Mugil  hoeHtn  •  641 
Mugilidac :  4IJ,  635, 641, 650 
Mugil  jtrdonii:  650 
Mugil  matroUfis:  650 
Muff*!  farsia:  650, 656 
Mugil  srkf  li:  650 
Mugil  subvirdis:  650 
Mugil  tad*  .  650.  656 
Mugil  trosckeli:  650 
Mugil  xvaiyaiensu:  650 
Mugu  ( California )  :  223 

Mtstimia:  63 5 

Mulmu  lateralis:  412,  *13,  414,  415 
Mullet:  406.  407,  411,  417,  493,  590. 
601.  607.  614,  625,  627,  628.  632,  6 33, 
634,  635.  636.  653.  656,  660,  669; 
grey,  642.  643,  644,  645,  641.  652, 
655 ;  tilver,  625 ;  striper'.,  607, 625 
Multifactorial  studies:  474 
Muitifactoriai  variation :  467.  475 
Multivariate  analytic :  509 
Municipal  and  industrial  waste,  re¬ 
moval  by  various  processes :  702 
Murvutsos  (inert us:  650 
Muraenidae :  650 
Muraenusocidar :  650 
Murray  kstuary  I  Australia!  :  123 
Murray  Riser  (Australia):  123,  124. 
5KJ 

Muscle :  cationic  regulation.  545  ;  chlo- 
rrdr  regulation.  545 ;  electrolyte  im¬ 
balance  in  studies  of  physiological 
response  of  estuarine  shore  crab, 
545-546 ;  water  cuntrat.  545-546 
Muscovite  231.  235 
Mussel  (California)  :  298 
Mussel,  mud :  405 
Mussel  associations :  209.  475 
Mussel  farming :  660.  661 
Mussels:  300.  405.  460.  532.  550.  661. 
662;  hanging  cultures.  660.  .61:  in 
bays  of  (ialicia.  Mil ;  m  Holland. 
662.674 
\txa  468 

Mra  arruana  197.  200.  201  471.  472. 

473.  673 ;  larvae.  470.  s7l 
Mycoflura  :  Jft.i-304 
Mytttroferti  murottfu  6|| 

Mxttms  I'mauarfus  4J7 
KtIsAfIu  (rtmimirllei  608 
Mylvhatidar  :  *-49 
Vrrs'^dha  i/s  shia  rjt| 

Myrvstw  am)  355.  356 

Mysids  406.  49?.  M)| 

Mystacaceti  .91 
Mritus  648 
M  i  >tu.f  6Z) 

Mr  thus  snulu  ti54 
Mritus  .  trana  i  650 
i/olsj  K*  650.  h5f> 

M  ri*si  vcsrlsis  650 

U;j6i  Inma  650 

)/r*fc:  tvMatUi  650 

Uiis'ai  JM  .  brsis.  473.  larvae.  470 

it  r  i-Jm  i  .aulvsisi  larvae  513 

3/tiW.c  (dmiu  209.  M*.  47 1  473.  52*. 

532,  533.  54*.  556.  661  VU.  673.  M0 
M  y  s««d>rcear  655 

Wnw.  lake  iSem  leur!  MO 
Vuslvfar  M£65i 
\  «*fsi  saafsi  651 
WUmi  292 

ulrum  i  678 

Vaaa  .  Wou  fwri  ms  A3.  38# 


ESTUARIES 


Nannof  hloris  oculata:  527 
Nannoplanktnn :  311,  413,  598,  600 
‘Nannnplankton-clay”  ecosystem ;  413, 
417 

Nantes  Harbor  (France)  :  154 
Nantucket  Island  (  Massachusetts) :  338 
Nantucket  Sot  me'  (  Massachusetts)  :  339 
Naples  ( Italy ) :  527,  660 
Naples,  Bay  of  ( Italy )  :  575 
Narhada  Kstuary  ( India) :  648 
Narbaila  River  ( India) :  583 
Narragansett  Bay  ( Rhode  Island): 
261.  2r.7,  316.  317.  319,  321.  500.  54)2, 
503.  506,  507.  675;  West  Passage. 
261 

Narragansett  Marine  laboratory.  Uni¬ 
versity  of  Rhode  Island  :  292 
Narragansett  Penetrometer :  261 
Narrawallre  Creek  (Australia) :  126 
Xarrawaltre  Inlet  ( Australia) :  126 
Narrows  of  (tie  Mersey  (Kngtand): 
30,  40.  48-49;  mean  salinity  profiles, 
48-  49  mean  velocity  profiles,  48-49 
\djju  403 

.Viixiii  l  raussutna:  401.  404.  495 
Sasun  ius:  571 

Sassanus  ohsoltlus:  472.  473.  556 
.ViMunsi  ftbts:  413,  494.  497 
Nassau  C«tmty  (New  York),  sewage 
diversion :  7t)| 

Na»<  River  (  British  Colun.bia)  :  582 

Sasiula  aurta  :  2*49 

Natal  ( South  Africa )  :  398.  406.  432. 
440 

Natan! ia :  585 

Natchez  (  Mississippi)  :  118 
Xalita  yeuuana:  405 
Natural  selceticm:  471.  574 
Xaushon  Island  (  Massachusetts )  :  566 
Xaritula:  293.  412.  426 
Nearshore  deposits :  175-176 
Needlefish :  606 

Negative  (inverse)  estuary:  4.  316. 

442.448 

Negro.  Rm  •  Brazil  )  587 

Nrgumha  lake  i  Ceylon)  :  653 

Nekton:  W,  581-617 

Xtmalolous  mi  sms:  649 

Nrmalola  t  nrmat'xlrs  ;  roundworms)  : 

3m.  427.  428.  4(6.  4r,7.  526.  655 
Nemcrtirae.  giant  405 
.Y,’a.ifru  (w  ko  413.  414.  415 
Nrnr  Kstuary  t  Kngtand)  :  102 
Ac. •■it su  :  ■  loans  t%73 
Seoftmot*  It  Sana  412 

A  It  jama  It  rama  4)5 

NnSrctuinni  123.  124 
YcyA/kt s  406 
Xeftuaus  652 
A  tftammi  ftlayuns  652 
Stflmmmi  tamomi a»4tnlmi  652 
Nemlwtar  i  orirvh )  :  4(sl.  Wf  5*0 
Ycrcn  4t>l.  550.  571  .  pevdutcu  of.  Vfi 
Yeeru  fnr»nr.'/<v  19?.  199,  2®.  3)1. 
471.  473.  529.  5JB.  533.  5<0.  5*1.  5*0. 
562.  kvsulsn  »f  kvral  tnhrs  •< 
races.  5*0- 562 .  uratm  of  para- 
gnaths.  561 

Xrreu  hmmu  tla  368.  369.  370,  371. 
5.10.  551 

Ycecvi  fdMsi  .c.ifcala/u  413.  4|5 
V.-rcu  m.wrc  M  3M).  370  371.  W) 
Yreru  n*/m  3®.  5A.  5*0.  V2 
Newt*  datums.  311.  JI2;  »w*v.  J». 
471 

Veritsd  swads  463 


Writ ma  rtcltvala:  463 
Xtrilina  tahilitnsis:  425 
Xtrilina  virgiaea:  413,  463,  494.  495. 
496,  497.  •*  !.  499 

Netherlands.  149.  150,  165,  558.  564. 
570,  673 

Ncthrrlands-Belgitmt  boundary  :  149 
Net  respiration :  410 
Nets:  591.  594.  (8)3.  613.  616.  (40.  M3. 
644,  645.  652.  653,  654,  650,  o57 : 
hraclt  seine,  594.  609;  cast.  594,  M3, 
652.  653 ;  Chinese  dip,  653 ;  dip.  594 ; 
fixed  hag.  652;  fyke,  594;  gill,  590, 
59|.  612;  haul  seine.  594.  011  .  min¬ 
now  seine,  594 ;  plankton,  594 ;  pound, 
593.  594.  600.  601.  605.  606,  007; 
purse  seine.  603.  611,  615,  6l6;  push, 
594 ;  trammel,  594 ;  trap.  616 ;  trawl. 
593.  594-595.  600.  604.  005-011.  ol5: 
types  used  in  Indian  Ocean  ciustal 
zone.  652-053 
Neuston :  584 

Neutral  estuary  :  4,  442.  4*i8 
New  Alhany  shales :  258 
New  Brunswick  roast:  311 
New  Kngland :  321.  500.  501,  509,  585, 
S9C,  0l*i ;  coastal  waters,  318;  salt 
marsh.  109 

New  Kngland  Banks  :  599 

New  Jersey  591).  *4)2 ;  oust.  331,  332 

New  Marsh  (  K ''gland)  :  100 

New  Orleans  i  laniisiana  >  :  622.  070 

Nrw|»»rt  i  Oregon  l :  22r>.  227,  228.  229. 

230.  233.  236.  237 
Newport  Bay  I  California)  :  153 
Newport  River  (  North  Carolina)  :  4o5 
New  South  Wales  (  \ustralia ) :  125. 

120.  127.  128.  440 
New  York :  9 

New  York  Right :  35. 131  -33* 

New  Y*>rk  C>ty  :  671 
New  York  Harbor  IS.  40.  *,75.  7P1 
Niehr  44f>.  575:  funianicntal.  505; 
realized.  505 

Nwkrl  276.  277.  278.  279.  281 
N  icotinK'  at  el  4 Ml 
Niroya.  t-ulf  of  *  C»sta  Rtrai  583 
Nsrumr  Maa’  I  Netherlands)  :  14*) 
Niger  Drlta  i  Nigeria)  6J9,  (4li,  Ml. 
M2.  M3.  M4.  M5 

Niger  Kstuary  I  Nigeria  i  hj9.  (42. 
ti4J,  *44  *45 

Nigeria  *40,  *4J.  *44  a? 

Niger  River  I  Nigeria)  583.  0J9.  (4.) 
Nijmegen  i  Netherlands!  F'O 
Vile  Rise*  583 

Nnr-gen  l7o.  275.  276.  277.  28D.  312. 
317.  322.  323.  1A.  34*.  34*>  1 77.  380 
457,  19.  lit*  fo7.  *.77.  678 .  arrotv. 
(sJ7.  vntMuail.  22:  nitrate.  22. 
A2.  Ah.  JI3.  32B  342.  3'*>.  421.  422 
423.  424.  426  4J0  459  617.  (JO.  m 
tratc.  (elated  t«  ahmiamT  <4  green 
plants.  291 .  mtratr.  sum  and 
anewmts  of  available.  Al.  A2 .  ra 
tralr,  uptakr  bv  wdmrnlv  421.  422. 
42V  474.  4*.  4JB.  mtrvtr  459  M? 

5  ill*,  tu  43>.  :  1# 

)  .*:s  tu  ,  l.'ifm*"  1»  342.  518 
Atm.  Ac*  urntta  321 
\  <s  (s tut  a  *47 
N.mwtwUlure  *46 
Vm  lvtxl  (Sow.  449  vTsority.  41.  42 
N -rrterncj  I  bias!  Frisian  Islands. 
\<wth  Sea  t  194  |95.  A3 


INDEX 
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Nuuk  sack  Kivt-r  ( Washington  )  :  694, 
695 

Nordfjord  (  Norway)  :  64,  (>8.  69;  sa¬ 
linity  isopleths,  67,  68;  lariation  "f 
oxygen,  68;  variation  of  tempera¬ 
ture.  salinity,  anil  oxygen,  68 
Norfolk  (Kngland)  :  102 
Normandy  (  France)  :  570 
North  America  >64,  56.5.  581,  582, 
SKI.  587,  5'*l.  597,  6|(i,  Ml.  nU, 

(i!4;  coastline.  2?0 

Nortliamptonshirc  i  Kngland  I  I'pper 
Kstiuriix-  Series,  2*  5 
North  Atlantic  Ocean.  389,  .591,  ;8t 
584 

North  Carolina:  378,  630;  sounds,  590 
Northeast  I’actfic.  iiccurrrncr  ot  yeasts : 
306 

North  Okhotsk  Sea:  567.  5(8 
North  1‘acifte  Drift:  58(i 
North  Pacific  <  Kean  226,  582.  583, 
584  58/S-587  590,  591.  610,  612,  613, 
614 

North  S<-a :  102,  103.  129.  134.  141,  149, 
ISO.  165.  174,  175,  191,  197,  J99,  200. 
204,  207.  J66,  532,  548,  550.  583.  5V), 
o59,  (i (>2 

North  Territory  coast  (Australia): 
124 

Northwest  Pacific,  occurren<-e  of 
yeasts  :  306 

Norwegian  coast:  583;  dist'diutiun  of 
fjorils.  (i3;  fjords,  (>3~7D.  2.'3 
Norwegian  Sea  239 
Notwich  t  Knglaml)  :  103 
A  o6>»iiiJ(ai  :  402.40.) 

\  i’lunmitui  ijxiv/ti  405 
NN-loptcridac  (AH 
X  oloplrrui  H.’l'-ft.  rms  649 
t  295 

Xolotolmus  apo+amptut:  294 
V  .*0 >j,  orbit  ularit:  294 

Xotr,-pu  kuJsouns:  (>05 
Xituru}  r|irw«j  605 
Xi'lunu  tmsvtnu  (4)5 
Nova  Ss’otia  5'*) 

Nova  Scotia  Banks:  5*g) 

Xut'ulana  Otute  413 

Nueces  Bay  (Texas)  :  626 
Nurces  Kisrr  (  Texas)  115 
Nultarhor  Plain  (Australia):  121 
Nun  Riser  '  Nigeru)  (sJ9 
N-jttrj  Riser  <(  .mural  153 
Nursery  grounal  585.  59|.  592-59J. 
«M.  6 10.  612.  614 

Nutrient  a-klitiott  Mi.  670.  671.  677. 
(.78  (415 .  Pohmtac  Riser.  «>7 ;  via 
r*irrs.  JL*) 

Nutrient  hulgrt  -4  I  hr  •cram  3.9 
Nutnrril  drfwirnry  Jh5 
Nutrirnt  lesrl.  a*  trialed  6»  liat«*« 
growth  312.  514 

Nutfwnt  limiting  factors  349-352 

Nut  (sort.  J*9  AM.  3*2.  J6JJ72.  379- 
381  3»*.  387.  393-394.  417.  449.  «*. 
475.  5!6.  SHk  mM;  reeling  rale  of 
rlriwrtttv  317 

Nutrient  trap  678.  baxhnmcal  ft. 
esilal»*i.  330 

VutMtwwt  36 7.  372,  475.  557  Ml)  n»- 
trsnsent  |ei< urrmrnt.  474 

<  hha  (  Hawaii  >  4J).  431 

<  kaktaiwt  •  (  alit.emi )  707 
Oakland  Kstsaary  i  (.  aliform* )  307 
i  o-s-sw,  138 


Obiont  pnrlnlacoida :  138 
Oceanic:  diatoms,  311;  estuary,  587; 
peculations,  correlation  of  responses 
with  estuarine  grou|>s,  556 
Oceanogr.-phic :  coordinate.,  581,  606, 
til  1 ;  studies,  related  to  evaluation  of 
pollution  by  pulp  and  paper  milt 
wastes  in  Washington,  693-700 
On  n  swell:  128;  refraction  related 
to  estuarine  outlets,  122 
( ),  hrontonos:  295 
( bnu-bra  )u,'i>»in  u.-  677 
( >• li'tiu-rii  uni/klusii  401 
i  6  V/*i*(/c  u//>«  uni  ■  533 
Ocypodf  qkadrala :  533 
Odumlomhlyiifut  rubuundus :  651 

Odnjliimu}  buuluralu.  414 
Oteophylla:  439 
Otfatts  Bayou  (Texas)  :  621 
OfTshorr  tars :  II,  15 
Otfihore  estiary :  582-584,  585-587, 
590,  591,  59 2.  596,  610-611, 612.  614 
Ohio:  215,  216 
Ounmonas  295.  296,  298 

<  utkona  500.  501 
Oilliomt  bmicornu:  501 
( hlhono  similis  501,513 
Okereliohrr  like  (  Florida)  :  488.  636, 

669 

Okhotsk  Sea  ( I'.S.S.R.)  :  306.  583 
C»ld  Drift  (South  Africa):  398,  401. 
4u2 

Old  Resl  Sandstone  (  Drv.xiian)  :  153 
Old  Kiser  <  Mississippi)  :  118 

<  Hen-  acid  355 

Olifants  Kstuary  i  South  Africa)  :  399 

<  )ligochaetrs  452.  466.  530 
Oligohaline  :  (4)5.  606;  osmoregulatory. 

5J0.  531 

( HujoUpu  oiutipfmnis:  6Si 
Olui  'Ufu  tylmdrurps:  651 
OlulWuisi  295.  362.  363 

Olulkodiu us  lulrut  295 
( Hpuiium  J03 
(>mpok  bimat  uialtts:  (AH 
(  )mt  ktdium  -  436 
( )■<  huiium  damrli  434 

<  )»«i>eJkv»c6xs  590 

(>m.ork\ «.  kus  a><rbuu  ka  •  533,  698 
(>*.c-rfc  >«.»«/  kf  la  658 
(Worjfvii  kut  kuutt  h- 
I  >ai',xirii  4u  acrid  590 

<  la*  orhvmtkui  Itkaxcvlu'ha  :  59|,  614. 

698 

Onratta  INwnt  ( Orrg>wi  I  231-236 
"Oisgur  "  (44 

Onshore  wave,  diicvtwm*  id  travel  dur 
(••  sea  ami  swell  (  Yamuna  Ray. 
Oregon)  229 
( hitaryo  2|6 

( httogeit)  108.  4(.7,  471.  474 
( t.x  ri#«»  293 
Oolitic  Innestinr  212 

t  hmjertes  JDJ 

Omtrrsehrldr  (  V et  )w-t  (am) . .  471.(44) 

Oners  i  Pelnghra  i  376 

Opal  275.  276.  3*0.  3*1;  ret  ted  h> 

tseiw  nawrotrataais  m  sediments, 

3*1 

Opagwminmli  235.  2*7 

Op*  Riser  iWvwtrl.  discharge  and 
surface  salinity  65 
( «r4,-fi  i  mlt  idi  434 
0|4i.cry4uliflar  650 
( )g**c  egAu/»  i  fndetu  650 
t  >)4s  ,-yUai  rtrmtmt  650 


Olihichthidae :  641 
Ophichlhus  semicintus:  641 
Ophichthyidae :  650 
Ophuhthyi  boro:  650 
Ophichthys  murocfpkaJus:  650 
Opkit  don  elotii/atui:  591 
Ophiophraqmus  filoaraufui :  497 
Ofhiiurus  serprni:  650 
Ophrxdium :  299 
Opislhonecla  hninrquyi  2)9 
Opitlhopiorui  I ardoore :  (49 
Opianui  I’tia:  MS 
( (psanut  tan :  (4)9 

Optical-emission  spectroscopy :  276 
Orange  River  (  South  Africa)  :  399, 
583 

Orbmu:  40f- 

( Irbinia  attorapi  qtti  njii  405 
Orchids :  438 

Oregon :  220,  228.  229,  236.  590  estu¬ 
aries,  227 

( > regoo  Ci  a*  t  Range  :  226,  233,  236 

( Irrgon- Washington  ciast :  228 
Organic  acids  364.  458 
Organic  aggregates  (See  also  Organic 
detritus  i  448,  459 

Organic  carbon:  250.  251,  275.  280, 
455.  458.  459  474 ;  in  sediments,  250- 
252;  rrlatcd  to  sesliment  color,  251- 
252 

Organic  coatings,  on  sedimentary 
grams :  474 

Organic  ilrtritus  (See  also  Detritus): 
374.  375,  376,  377  378,  379,  380,  381, 
383-388 ;  nenpmition  and  sources  of. 
377:  nutritive  role  of.  378;  role  of 
in  estuaries.  376.  381.  383.  387; 
transport  m  tidal  creeks,  383.  386. 
387 

Organic  elements,  in  sediments  :  149 
Organic  matter  447.  448,  449.  454. 
455.  458.  466.  588;  adsorbed  on  de¬ 
tritus.  389;  determination  of,  in  sedi¬ 
ments.  421 :  dissolved.  379.  389;  dis¬ 
solv'd.  nutritive  rule  «*.  367-372. 
380;  stTrlim  of.  341.  J6i-J66,  374. 
37t, ;  twrtieulate.  3R5.  386.  387,  388. 
454.  459.  *67  vduhie.  J00.  454.  459. 
467.  474 

(hganw  iwrticlcs.  charged  378 
Organisms  boring.  456;  burrowing. 
452.  454.  455.  456.  457 .  density  of 
henditc  speesrs,  474 .  uistribution  of. 
7.  462.  4r-J.  *M  465.  466.  467.  470. 
472.  473.  474.  drift.  448.  rstuartnr. 
origin.  *63 .  euryhalmr  mar  ire.  7. 
444  4M.  467.  470.  471.  472.  473.  47b; 

latwers  of  cnvinexnmtal  factors, 
554.  5U.  frrihwatrr.  447.  470.  473. 
mlrrstittal.  4 (6;  migrants.  444;  alt- 
gofulmr.  443.  4R).  476.  5J0.  531; 
i  Sen  r«wst.  400-401.  4fv)  nr« in. 
4S7.  W.  SM  SR7 :  rtttx>- 

^Imr  martnr .  400.  444.  4b4 ;  I  nor 
ntuifmr.  445  444.  4M.  4fw,  470,  471. 
47.*  475.  47f» ,  Ifiir  martnr.  4M.  4f»7. 
470.  471 

i  hfam)  mthrul  t««nf4rxr»  459 

i  V»fw  t«<  Itir  449 

Oftnaar*?  Rtm  t  Vmr^urlji  >  154.  I7l». 
I RJ.  MU. 

l>tHm  Stair  ( Imlu)  M7,  6M 
f  415. 

fv54 

C  IrarU  I  F-TfUnj )  104 

(Vtrwi  Mf/ofi  r«i*i  <*50 
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ISTOAlJtS 


Owks  Bay  (Japan) :  312 
Osbornia:  433 

Osbomia  oetadonta:  433,  *37 
Oscillate/ eia:  293 
Oscillatoriaceat :  655 
Oslo  Fjord:  63,  291,  292,  298,  685 
Osmet  idae :  590,  591,  612 
Osments  eperhnus:  6S9 
Osmerui  nuru.ix:  590 
Osmoregulation ;  451,  527, 530-531, 541, 
549,  560,  587 ;  mechanisms,  530—531 : 
temperature,  550,  567:  temperature, 
seasonal,  541 

Osmoregulators,  types  of:  530,  531 
Osteobrama  vigor  six:  649 
Osteogeneosvs:  648 
Osteogeneosvs  miliiaris.  649,  653 
Osteogloaskkie :  641 
0ster  Dyb  (Denmark)  :  136 
Ostraroda  (ostracods) :  149,  283,  234, 
385,  428,  466,  655 
Ostreo:  468 
Cstrea  cucullata:  652 
Ostrca  edulis  ■  680, 681 ;  larvae,  471 
Oslrca  equestris:  413,  629 
Oslrea  Irons:  629 
O street  madrasensis:  652 
Ostrea  tulipa:  643,  646 
Ostreo  virginiana:  652 
Otolithus:  642 
Otolirhus  monthlies:  651 
Otophna  zone :  493 
Ouse  River  (England)  :  102 
Outeniqua  Mountains  (South  Africa)  : 
397 

Outer  Banks  ( North  Carolina) :  95 
Overfishing:  600,  602-603,  612,  613, 
616 

Overflow  systems,  storm-water  and 
sanitary  sewer  drainage  :  701 
Oxa  ’  acid :  454 

Oxfordshire,  Middle  Jurassic  Great 
Oolite  Series:  211 
Oxidation:  372,  376,  380,459 
Oxidation  reduction :  457 
Oxidizing  environment,  Chesapeake 
Bay:  248 

Oxyejastcr  baeaila:  649 
Oxygen:  298,  455,  457,  458,  588;  con¬ 
sumption,  as  a  measure  of  energy 
budget,  369;  consumption,  in  studies 
of  biochemical  activity  of  sediments, 
457 ;  demand,  588 ;  depletion,  669, 
670,  675  ;  dissolved,  22,  430,  584,  585, 
588,  S89;  dissolved,  Chesapeake  Bay, 
240  241 

Oxyleotris  marmoratus:  651 
Oxyrrbis  marina:  297 
Oxystele:  401 
Osystel*  variegala :  405 
(xytoxum:  297 
Oxytoxum  heigicoc:  297 
Oxytoxum  cribrosum:  297 
Oxytaseum  depressum:  297 
Oxytoxum  gracilr:  297 
Oxytoxum  milneri:  297 
Oxytricha:  299 
Oxytricha  fallax:  299 
Oxytricha  pelianella :  299 
Oxyurichlhyes  loneholus:  427,428,429, 
430 

Oxyuriehthys  microlepis:  651 
Oxyuriehthys  occidcntalis:  642 
Oxyuriehthys  tentaeularis :  651 
Oyster  :  10,  367,  374,  405,  430,  436,  449, 
460,  465,  470,  472,  473,  474,  596,  599, 


600,  603,  616,  621,  622,  625,  628,  633, 
635,  646,  661 ;  American,  469,  470, 
473,  629;  distribution,  629;  enemies, 
distribution  of,  629;  food,  633;  lar¬ 
vae,  452,  453,  455,  469,  470;  man¬ 
grove,  643 ;  Pacific,  695 ;  respiration, 
353 ;  spat,  *73 ;  tolerance  of  high  silt 
content,  683,  Virginia,  625,  629; 
wmdowpane,  652 
Oyster  beds  :  472,  680 
Oyster  borer :  621 
Oyster  culture:  473,  661,  646,  674 
Oyster  drill:  472,  473,  669,  671,  677, 
681 ;  Southern,  692 
Oyster  grounds :  609 
Oyster  industry:  292;  Zeeland  (Neth¬ 
erlands),  661,  674 

Oyster  reefs:  221,  456,  473,  475,  621, 
623,  634,  635 

Oyster  studies :  227 ;  Port  Angeles 
(Washington),  693-700 

Pachygrapsus  crassipes:  530,  532 
Pacific,  eastern  tropical :  583,  586,  611 
Pacific  Coast:  9,  11,  219,  223,  292; 
decline  in  fishery  production,  624; 
wave  action,  223 

Pacific  Northwest :  582,  612-613,  614 
Pacific  Ocean:  331,  582,  583,  586,  587, 
590-592,  610,  611,  612-613,  614,  615 
Packing  curve :  178 

Paddy  culture,  brackish-water  fishes: 
656 

Padre  Island  (Texas)  :  408,  409,  410, 
411 

Pagurus  annulipes :  495,  497 
/’  gurus  longicarpus,  resistance  adap¬ 
tation:  555 

I'ajdyb  (Denmark) :  135 
Pajsand  (Denmark)  :  139 
Pakistan :  655, 657 
Pakistan,  East:  648 
Pakistan,  West :  647,  648 
Palaemon  carcinus:  652,  656 
Palaemon  fheminicah:  652 
Palaemon  lamarrei:  652 
Palaemon  pacificus:  405 
Palaemon  serratus:  530 
Palaemon  squilla :  530 
Palaemon  stylilcrus:  652,  657 
Palaemon  tenuipes:  652 
Palaemonetes:  427,  428,  429,  4.30,  634 
Palaemonetes  antennarius :  463 
Palaemonetes  intermedius:  412,  415, 
495,  497 

Palaemonetes  various:  463,  530.  533 
Palaemonid  shrimp :  495,  628,  634 
Palmitic  acid :  355,  356 
Palmitoleic  acid :  355,  356 
Puma  paina:  651,  65 3 
Pamlico  Sound  ( North  Carolina)  .  .3, 
316 ;  bar-built  estuary,  5 
Painpus  argenteus:  651 
Pampas  ehinemis :  651 
Pamunkey  River  (Virginia)  :  604-610 
Panaeus  earinatus:  530 
Panaeus  indicus:  530 
Panama,  Gulf  of :  583 
Panehax  lineatus  dayi:  650 
Pangasius:  648 
Pangasius  nasutus:  650 
Pangasius  pangasius:  650 
Pangasius  pmyuranodon :  650 
Pannlirus:  585 
Pa’  acalamis :  405,  512 
Paraealanus  crassirosttis:  501 


Paraeatanus  parvus:  5G1,  511,  513; 
copepodites,  533 

Paragnaths,  variation  in  Nereis  diver¬ 
sicolor:  560,  561 
Poragobiopsis  ostreicola:  651 
Paralia  sulcata:  321,  322 
Paralichthys  albigulta:  415 
Paralichthys  dentatus:  609 
Paralichthys  lethostigma:  413,  415 
Pa'amecium:  299 
Paramecium  trichium:  293 
Paramyrus  plumbeus:  641 
Paranthura:  564 
Parapenaeopsis  atlantica:  64 2 
Parapenaeopsis  sculptilis:  649 
Parapenaeopsis  styltfera:  649 
Paraphysomonas  veslita:  296 
Parapocryptes  ricluosus:  651 
Parasites :  472,  690 
Parastromateus  niger:  651 
Paria,  Gulf  of  (Venezuela) :  154 
Parkgate  (England)  :  101 
Parorchestia:  401,  404 
Parorchestia  rectipalma:  405 
Particle  size :  analysis,  229-230,  421 ; 
analyzers,  389,  454 ;  distribution,  456 ; 
equivalent,  161 

Particles :  artificial,  467 ;  retention  re¬ 
lated  to  size  and  local  conditions. 
178;  suspended  (See  also  Detritus), 
384,  386,  387 

Particulate  matter  ( See  also  Detritus ; 
Organic  detritus)  :  597 ;  flocculation 
by  sea  water,  173;  nutritive  role  of. 
379,  389,  393-394 ;  organic,  330,  367. 
374,  376-381 ;  transport  in  shore  re¬ 
gions,  158 

Pascagoula  (Mississippi)  :  624 
Pascagoula  River  (Mississippi)  :  96, 
115 

Passaic  Valley  (New  Jersey) :  701 
Pass  a  Loutre  (Louisiana)  :  97 
Passamaquoddy  Bay  (Maine-New 
Brunswick)  :  16,  21 
Patella:  401 
Patella  vulgata:  550 
Path  methods,  measurement  of  coastal 
and  estuarine  currents  :  81-82 
I’atria.  Lake  (Italy)  :  660 
Patuxent  Estuary  ( Maryland)  :  672 
Patuxent  River  (  Maryland)  :  247,  588. 
601,  602,  607,  608 

pCO. :  distribution  of,  337-338;  meas¬ 
urements,  336 ;  production  calculated 
from,  338-340 ;  reactions  with  water. 
336-337 ;  variation  with  chlorophyll 
a,  338 

Pcarl-Benson  Index :  693,  694,  695. 

696.  697.  698,  699 
Pearl  Harbor  (Hawaii)  :  430 
Peat:  108-114,  144,  214;  blanket,  115; 
bogs,  448 ;  freshwater,  109 ;  high 
marsh,  108,  109;  horizons,  Severn 
River  cores,  213;  intertidal,  109; 
lumps,  Haringvliet  sediments,  214; 
radiocarbon  dates,  112,  113,  222; 
saltwater,  113;  water  content,  112 
I’ectcn:  473 
I’eetinaria  gouldii:  267 
Pectinaria  saurei:  640 
Pcctinids,  marine  and  nearshore  fos¬ 
sils  :  214 
Pedinella:  295 
Pediveligers :  472,  476 
Pelagic  fish,  Hooghly  Estuary :  647 
Pelagic  life :  584,  593 
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Pelecypoda  (pelecypods)  :  198,  200, 
243,  266.  413.  415.  494,  495,  601; 
rudistid,  565 

1 ’diets,  fecal  (See  Fecal  pellets) 

I 't Ilona  dit  chela :  649 
Pclltmula  i  urax:  641 
Pelmatochromis  guenthcri:  642 
IVIogluea :  376 

I’dorus  Sound  (New  Zealand):  511, 
512 

Pcmphis  acidula:  433 
l’cnaeid  shrimp  (penaeids):  378,  412, 
495.  630,  632, 636 

Penacus  aztccus:  412,  413,  415,  625, 
630.691 

Pcnacus  duorarum:  415,  495,  497,  585, 
625,  630,  642 

Pcnacus  fluviatilis :  621,  625,  627,  629, 
630.  634, 635 
Pcnacus  indicus;  649 
Pcnacus  scmisulcatus :  649 
Penacus  setijcrus:  415,  627,  680,  691 
PeniciUus  capitatus:  411,  494 
Pcnilia  avirostris:  323 
Pensacola  (Florida) ;  222 
Pensacola  Bay  (Florida):  221,  222; 

sediments,  222 
1  ’entadecanoic  acid :  357 
I’cntamonas:  295 
Pcntamonas  spinifcr:  295 
Prntannnus:  642 
Pcntaiicinus  quinquarius:  641 
Peprilus  alcpidotus:  609 
Peptides,  excretion  of:  363 
Peptizers,  in  grain-size  analysis:  178 
Prranema  asperum:  295 
Pcrancma  cuncatum:  295 
Pcrancma  grantilifcrum :  295 
Pcrancma  in  flaunt:  295 
Pcrancma  trichophorum:  295 
Pcranctnopsis  striata :  295 
Perch;  601,  653:  silver,  601,  610; 

white,  568,  600,  601 ,  607-608 
Pcrgranulatum:  432 
Pcridiniopsis  rotunda:  297 
Pcridiniutn:  297 
Pcridinium  ccrasus:  297 
Pcridiniutn  claudicans:  297 
Pcridinium  dcprcssvm:  297 
Pcridinium  diabolus:  297 
Pcridinium  diver  gens:  297 
Pcridiniutn  ganii:  297 
Pcridinium  macrospittum:  297 
Pcridinium  tninusculum :  297 
Pcridinium  nwnospinosrm:  297 
Pcridinium  pclUtcidum:  297 
Pcridinium  pentagnnum :  297 
Pcridinium  quadridens :  297 
Pcridinium  subinerme:  297 
Pcridinium  triquetrum:  297 
Pcridinium  trochoidcum:  297,  321,  322, 
323 

Pcridinium  wisconicnsis :  297 
Periglacial  head:  150 
Pcrif/onismus  megas:  526 
Pcriophthalmidae :  642,  651 
Pcrinphthalmodon  australis:  436 
Pcriophthalmus  kalolo:  436 
Pcriophthalmns  koclrcutcri :  642,  651 
Periphyton  :  377,  378,  584 
Pcritromus  californicus:  299 
Peritromus  cmmac:  299 
Periwinkle :  401,  405,  406,  643 
Permian  rocks :  salt  deposits  in  Russia, 
216 ;  salt  deposits  in  V  est  Texas,  216 
Pena  perna:  405 


Persian  Gulf :  211,  647. 648 
Pcrlica  filamentosa:  650 
Peru:  615, 624 
Peru  Current :  599 

Pesticides :  675,  677,  690-692,  701 ;  con¬ 
trol  of,  690 

Pests,  to  fishermen :  591, 610 
Petalomonas:  294 
Pctalomonas  abscissa:  295 
Petalomonas  anqusta :  295 
Pctalomonas  carinata:  295 
Pctalomonas  disomata:  295 
Pctalomonas  excavata:  295 
Pctalomonas  mediae ancllata:  295 
Pctalomonas  mira:  295 
Pctalomonas  pusilta:  295 
Pctalomonas  spinijera :  29* 
Petalomonas  stcinii:  295 
Petalomonas  striata:  295 
Pctalomonas  tricarinata:  295 
Peterborough  (England)  :  102 
Pctromyzon  marinus:  533,  605,  608 
Petromyzontidae :  590 
Pctroscirtcs  bhattacharyac :  651 
Petticodiac  River  (New  Brunswick): 
213 

pH :  256,  430,  448,  456,  457,  459,  693, 
694,  695;  distribution  in  sediments, 
255-256 

pH  electrode,  alkaline  error :  75 
Phacoidcs  pcctinatus:  413 
Phacus  hispidula:  294 
Phacus  plcuroncctcs:  294 
Phacus  pyrum:  294 
Phacus  triqueti  r:  294 
Phacodactylum  tricornutum:  330 
Phalacrotna  acutum:  297 
Plialacroma  mitra:  297 
Phalacroma  ovum:  297 
Phalacrotna  rotundatum:  297 
Phenotypic  variation :  555 
Phenylalanine :  368 
Phoma:  304 
“Photna  pattern” :  304 
Phortis:  413 

Phosphate :  292,  296,  313,  430,  454,  458, 
588,  660 ;  determination  of,  421 ;  free, 
660 ;  inorganic  distribution  related 
to  phytoplankton,  330 ;  organic,  as  a 
|K>llutant.  667;  related  to  abundance 
of  green  plants,  291 ;  sources  and 
amounts  of  available,  291,  292;  up¬ 
take  by  sediments,  421,  422 
Phosphorus:  275,  312,  322,  329,  330, 
331,  332,  333,  349,  458,  459,  667,  677, 
678,  685 ;  organic.  660 ;  relationship 
to  chlorophyll  (New  York  Bight), 
333;  water  type  characterization 
( New  York  Bight ) ,  332-333 
Photic  zone :  291,  311,  319 
Photoassimilated  carbon,  excretion  of: 
361,  362 

Photography,  underwater :  445 
Photoniicrographic  method,  detritus 
analysis :  389 
Photonegative  larvae:  469 
Photo-oxidative  damage  to  cells  :  361 
Photoreduction  of  COi :  459 
Photosynthesis :  313,  318,  334,  336,  337, 
338,  339,  341,  364,  365,  367,  378,  410, 
416,  417,  448,  452,  457,  458,  459,  598, 
637.  685 ;  calculated  from  light  and 
chlorophyll  a,  318-319,  338,  339; 
cltanges  in  pC'O.,  336;  environmen¬ 
tal  control,  311,  318-320,  346,  417; 
gross,  417;  high  light  intensities, 


347;  light  and  temperature,  311,  318- 
320,  346,  347,  348,  349,  417;  light  in¬ 
hibition  of,  347,  349 ;  measure  of  an 
ecosystem,  *18;  respiration  relation¬ 
ships,  318-320,  417;  stimulation,  351 ; 
variation  in,  348,  417;  winter,  319, 
417 

Phototactic  larvae :  470 
Phragmites:  378 

“Phycomycetes",  distribution  of :  303 
Physallia  pcllucida:  641 
Physcosomo  japonicum:  529 
Physiological  races ;  550,  667 
Phxsoden  mulleri:  649 
Phytoplankton:  274,  275,  312,  316,  317, 
320,  323,  324,  329,  330,  331,  334.  346, 
347,  348,  349,  351,  364,  365,  374,  377, 

378,  385,  389,  406,  430,  453,  454,  458, 
511,  598,  600,  639,  640,  647,  659,  660, 
662;  benthic  origin  in  marsh  areas, 
385;  blooms,  318-320.  341,  364,  365, 
366,  391,  393,  670,  685 ;  changes  in 
abundance,  Heeia  Swamp,  426 ; 
chemical  composition,  353-359;  cul¬ 
ture  experiments,  348,  349;  excre¬ 
tion  by,  361-366;  Long  Island  Sound, 
321 ;  micronutrient  deficiencies,  351 ; 
nutrient  requirements,  341,  349; 
patchiness,  337:  photosynthetic  in¬ 
hibition.  347 ;  respiration,  318-320, 
417;  role  of  organic  constituents  of 
water,  341 ;  seasonal  cycle,  317-320 ; 
species  composition,  312-314,  320- 
323;  vertical  turbulence,  311,  319 

Phytoplankton-zooplankton  ratios :  379 

Piankatank  River  (Virginia) :  588 

Pikcperch :  673,  681 

Pinfish :  496 

Pinnipedes :  585,  604 

Pipefish:  591,  634 

Pisces:  412.  423,  425,  427,  428 

Pisidium:  423,  424 

Pisoodonophis  chilkcnsis:  650 

Pisoodonophis  hijala:  650 

Pilaria:  402,  403 

Plants  luciac:  299 

Placus  striatus:  299 

Plagioclase :  231 

Piaicc :  568,  662 

Plankton  (See  also  Phytoplankton; 
Zooplankton):  311,  312,  316-325, 

379,  384,  385,  398,  399,  405,  412,  430, 
449,  458,  461,  468,  474,  509-513,  581. 
584,  591,  592,  597,  598,  600,  609,  647. 
648,  659,  662 ;  blooms,  468,  695 ;  fall¬ 
out,  458,  460;  related  to  estuarine 
circulation,  7.  469 

Plankton  feeders :  374,  405,  406 ;  an¬ 
chovy,  633 ;  menhaden,  633 
Planktonic  species:  in  cliemostats,  517— 
520 

Plantago  tttarilima:  138 
Plantation  Creek  (Australia)  :  126 
Platicltthys  slcllatus:  591 
Platycephalidae :  651 
Platyccphalus  insidiator:  651 
Platyccphalus  punctatus:  651 
Platypoccilus:  534 

Pleistocene:  105,  149,  150,  176,  180, 
191,  243;  coastal  plain  (Western 
Australia),  123;  glaciations,  10; 
head,  Breton  estuaries,  153;  sea 
level,  10,  98;  terraces,  97 
Plcolia:  295 
Plcotia  vitrea:  295 
Plcttroinonas:  300 
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Pleuronectes :  444, 472 
Pleuronectes  plate  ssa :  529 
Pleuronema  crassum:  299 
Pleuronema  morinum :  299 
Plturosigma  ftuciolo:  293 
Pleurostigmo:  426 
Plotosidae :  649 
Plotosus  Cantus:  649 
Plover* :  568 

Plym  River  (England) :  292 
Plymouth  (England):  292,  293,  294, 
296, 299,  529,  S75, 576 
Plymouth  Bay  (Massachusetts) :  385 
Pneumatophores :  434,  436,  437,  440 
Pocasset  (Massachusetts) :  567,  568 
Pocasset  River  (Massachusetts) :  549, 
551, 552 

Pocasset  River  Estuary  (Massachu¬ 
setts):  77;  salinity  measurements, 
77 

Podocenu  brasiliensis :  413, 415 
Podolampas  palmiped  297 
Podon  intermedins:  501 
Podon  polyphemoides :  501 
Podopthalmus  vigil :  428 
Poeciliid  fishes :  534 
Pogonias  cromis:  409,  4M,  413,  415, 
418,625 

Poikilohaline  biotopes :  8 
Poikilohalinity :  7 
Point-bar  sediments :  208 
Point,  Cape  (South  Africa)  :  398 
Pointe-Noirc  (Congo  Republic)  :  639 
Pointe  Saint  Gildas  (France)  :  155 
Poisson  variate :  510 
Polder :  673,  674 
Polidora:  197 

Political  problems  in  fishery  manage¬ 
ment:  615,  616 

Pollution:  312,  329,  330,  448,  454,  462, 
612,  667-680,  690-703,  707,  708;  bio¬ 
assays,  696,  699;  biological  studies 
of,  694;  economic  considerations, 
691-692 ;  Louisiana  Gulf  Coast,  690- 
692;  oceanographic  studies  of,  329- 
330,  693,  694,  697-698;  phosphorus 
as  an  index,  330 

Pollution  control :  334,  683-686,  702 
Pollution  effects :  fishery  areas,  658, 
670,  672,  675,  677,  679,  701,  702; 
juvenile  fish,  672,  698,  702;  oyster 
and  clam  beds,  670,  675,  677,  678, 
679,  701 ;  oysters,  675,  678,  679,  695- 
696;  recreation,  672,  701,  702 
Pollution  evaluation :  683-686,  693-700 
Pollution  sources :  agriculture  and  for¬ 
estry  practices,  670,  678 ;  bulkhead¬ 
ing,  filling,  and  channel  dredging, 
667,  679,  692;  domestic  wastes,  448, 
667,  669,  670,  677 ;  insect  control  and 
biocides,  667,  668,  675-677,  692 ;  min¬ 
eral  production,  691 ;  municipal  and 
industrial  waste,  448,  667,  6/0,  67), 
674,  679,  690,  691,  701 ;  oil  drilling, 
691 ;  pulp  and  pa|>er  mill  wastes,  679, 
693,  699;  shell  dredging,  679,  691; 
tliermal  additions,  672 
Polycentropsis  abbreviata :  642 
Polychaeta  (polychaetes)  :  267.  399, 
404,  405,  413,  428,  430,  511,  526,  529, 
o30,  533,  560;  chloride-regulating 
ability,  550 ;  volume  regulation,  529 
Polychromatism :  575 
Polydaetylus  indicus:  650 
Polydaclylus  oetonemus:  634 
Poiydora  ciliata:  681 


Poiydora  ligni:  413,  415 
Poiydora  polybranehiala,  larvae :  513 
Polyedriopsis  spinulosa:  293 
Polyhaline:  species,  673;  zone  (York 
River),  605 

Polykrikos  labcuri:  297 
Polykrikos  schwartsii:  297 
Polymesoda  caroliniana:  635 
Polymesoda  floridana:  414 
Polymorphism :  575-576 ;  adaptive,  575 
Polynetnidae  (polynemids) :  635,  641, 
648,  650 

Polyncmus  paradisrus:  650, 653 
Polynemus  quadrifilis:  641, 642 
Polypteridae :  642 
Polypterus  cndlecheri:  642 
Polysaccharides :  364,  454 ;  role  in  vol¬ 
ume  regulation,  529 
Polysiphonia:  378 
Pomadasyidae :  642,  650 
Pomadasys:  642 
Pomadasys  jubeleni:  642 
Pomadasys  peroteti:  642 
Pomatomidae :  650 
Pomatomus  saltator:  650 
Pomatomus  saltatrix:  608,  611 
Pomoxis  nigromaculatus :  605 
Pompano :  634 

Pondoland  ( South  Africa)  :  440 
Pongo  River  (Africa) :  153 
Pontchartrain  Basin  (Louisiana),  bar¬ 
riers  :  95 

Pontchartrain,  Lake  (Louisiana) :  378, 
379,  568,  626,  628,  670 
Pontevedra  Bay  (Spain)  :  661 
Pontevedra  River  (Spain)  :  155 
Pontogammarus:  461 
Pontogeloides:  406 
Pontycil,  in  current  studies  :  81 
Populations :  explosion,  475 ;  fluctu¬ 
ations,  475 ;  genetic  structure,  575 ; 
growth,  human,  448;  latitudinal  sep¬ 
aration,  548,  556;  size  estimation, 
fish,  593-596 

Porccllidium  fimbriatum:  575 
Porichthys  notatus:  591 
Porifera :  494 

Porong-type  farm  (fish  culture)  :  655 
Poronotus  triacanthus:  008 
Porphyra  perforata:  527,  529 
Porpoises :  585,  591 
Port  Adelaide  (Australia)  :  127 
Port  Angeles  (Washington)  :  694,  695 
Port  Aransas  (Texas)  :  636 
Port  Arthur  (Texas)  :  624 
Port  Douglas  (Australia)  :  438 
Port  Elizabeth  (South  Africa)  :  397 
Port  Gardner  (Washington)  :  697 
Port  Guinea  (Africa)  :  640 
Port  Isabel  (Texas):  408,  410,  411, 
412 

Portland  Inlet  (British  Columbia)  :  25 
Port  Mansfield  (Texas)  :  410 
Port  Mansfield  Pass  (Texas)  :  409 
Port  Nicholson  (New  Zealand):  511, 
512 

Porto  Novo  Lagoon  (West  Africa)  : 
640  644 

Port  St.  Johns  (South  Africa)  :  397 
Portunid  crab :  430 
Portunis  sanguinolentis:  428 
Possession  Sound  (Washington) :  697 
Pntamon  cdulis:  531,  533 
Potamopyrgus  jenkinsi:  560 
Potash-piagioclase :  231 ,  234 
Potassium :  216,  349,  456,  528,  541,  542 


Potential  production:  599-600,  615 
Polentilla  glandulosa  :  570 
Poteriochromonas :  295 
Potomac  Estuary,  sewage  disposal :  667 
Potomac  River  (Maryland) :  588,  602, 
670,  67! 

Pottsville  Group,  Lower  Pennsylvanian 
Coal  Measures :  214 
Pouchetia  maxima.  297 
Pouchetia  polyphetnus:  297 
“Poupees”:  153 

Pouquogue  Bridge  (New  York) :  293 
Prawns:  405,  406,  642,  643,  644,  645. 
652,  653,  654,  655 

Precipitation:  4,  447,  463,  468,  471, 
583-584,  587,  583;  correlated  with 
salinity  changes,  Yaquina  Bay,  Ore¬ 
gon,  228 

Predation:  by  introduction  of  S|>ecies, 
681 ;  fish,  405,  591,  597-603,  615 ;  hu¬ 
man,  615,  680-681 

Predators:  466,  470,  472,  473;  juve¬ 
nile,  473 

Pressure  gradient:  cross  channel,  53: 

horizontal,  18,  29,  32,  38,  39,  54,  55 
Prey:  alternate  species,  473;  buffers. 

473 ;  populations,  472,  473 
Primary  consu-  ter :  380 
Primary  sedimentary  structure  tyjies 
(North  Sea) :  193-198,  204 
Principal  component  analysis,  plank¬ 
ton  communities :  510 
Prionotus  ecrolinus:  609 
Prionotus  evolans:  609 
Pristidae :  641,  649 
Pristipotna  guoraka:  650 
Prislipoma  hasta:  650 
Pristipoma  operculare:  650 
Pristis  pectinatus:  649 
Pristis  peroltcti:  641 
Private  enterprise,  to  achieve  increased 
marine  productivity:  617 
Procambarvs  clarkii:  423,  425,  429 
Procerodcs:  529 
Procerodes  ulvac:  529 
Processing  plants :  654 
Prodelta  deposits :  96 
Production:  annual  fish,  417,  596,  599- 
600;  gross  plant,  417;  primary,  376, 
377,  381,  599,  600;  secondary,  374, 
376,  377 

Productivity :  286,  457,  458,  463,  587. 
588,  595-596,  599-600,  602,  611,  614. 
617;  nutrient  limiting  factors.  349; 
primary,  318-320,  349,  361,  363,  365, 
387,  599,  600 ;  secondary,  387 
Projects,  improvement  in  Laguna  Ma- 
dre :  409.  418 

Proline  :  369 ;  excretion  of,  363,  364 
Pronortiluea  pelagiea:  297 
Pro|ierty  rights,  salmon  traps:  616 
ProrocentruM:  353,  354,  357,  359 
Proroeentrum  gracile:  297 
Prorneentrum  mieans:  297 
Proroeentrum  seutellum:  321 
Proroeentrum  Iriangolatum:  293,  296, 
297 

Proroeentrum  triesti'ium:  321 
Prorodon:  299 
I’rorodon  morgoni:  299 
Pros|>erine  River  Estuary  (Australia)  : 
125 

Protaspis  ohms:  295 
Protein:  374,  376,  380,  393,  454,  458, 
603,  615 ;  excretion  of,  362,  363 
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Protists,  photosynthetic,  production  of 
extracellular  materials ;  341 
Protocrucia  pigerrima:  299 
Protodintum:  297 
Protodintum  balticum:  297 
Protodinium  oslianum:  301 
Protodinium  simplicius:  296,  297 
Protoplasmic  stability:  534 
Protozoa  (protozoans) :  298,  380,  526, 
655 

Province,  Cape  (South  Africa):  398, 
405,406 

Provincetown  (Massachusetts)  :  113 
Prunum  apiiinum:  494,  497 
Psammites  du  Condroz  (Belgium) 
(Upper  Devonian) :  210,  211 
Psamtnoyobius  knysnaensis :  651 
Psettidae :  651 
Psettus  sebae :  642 
Pscudapocrypies  lanccotatus:  651 
Pseudatropius  nthcrinoidcs:  650 
Pscudcsciaena  coitor:  651 
Pseudocalanus  mimitus:  323,  501,  502 
Pscudocyrcnc  floridana:  413,  414 
Pscudodiaptomus:  405 
Pseudodiaptomus  coronatus:  323 
Pseudofecal  pellets :  454,  662 
Pseudomonas:  691 
PscudopedineUa:  295 
Pseudoplcuroncctcs  americanus:  608 
Pseudopristipomo  macrolcpis:  642 
Pseudorhombus  arsius:  651 
Pseudotolitlms  brachygnathus:  642 
Pseudololitlws  sencyalensis :  642 
Pteridomonas:  301 
Pteridomonas  pulex:  298 
Ftolemy’s  map  of  the  British  Isles : 
101 

Public  opinion,  regarding  fishing:  603, 
615,  616 

Puccincllia:  135,  403,  404 
Puccincllia  maritima:  138,  142 
Puck  ( Poland )  :  95 
Puerto  Rico :  430 ;  tombolos,  95 
Puffins:  592 

Puget  Sound  (Washington):  16,  590, 
675,  694,  699;  hydraulic  model  of, 
•697 

Pulicat  Lake  (India):  648,  652,  653, 
654 

Pulp  mill  waste:  668,  679,  693-700 
Punta  Picdras  (  Laguna  Madre)  :  414 
Pontius  dorsalis:  649 
Pontius  iaranicus:  649,  655 
Pontius  sopliore:  649 
Puntius  tieto:  649 
Puntius  "oil talus:  649 
Pupfish:  533 

Putrid  Sea  (See  Azov) :  414 
Pyramidomonas  grossi:  292 
Pvramimonas:  362,  363 
Pyrite :  24«,  254,  268,  270.  271 ;  associ¬ 
ation  with  microfloral  remains,  258; 
distribution  in  sediments,  Gulf  of 
California,  271 ;  transformation  from 
FeS,  269-270;  vertical  distribution 
in  sediments,  Chesapeake  Bay,  248 
Pyrodinium  bahamirnsr :  297 
Pyroxenes :  230,  235 
Pyrrhotite :  269 ;  stoichiometric.  268 
Pyruvic  acid :  459 
Pythium :  303 

Quartz:  159,  222.  231,  233,  243,  247, 
248,  262.  268.  281,  454 


Quartz  sand:  barriers  and  dunes  on 
coast  of  New  South  Wales,  126 
Quartzite  soils :  440 
Quartzose  sand :  122, 123.  124 
Quaternary  Ice  Age :  93 
Quaternary  warping :  124 
Queensland  (Australia) :  121,  122,  125, 
128,432,440;  rainfall,  435 

Raciation:  550,  560-362,  571,  574-575, 
685 

Raconda  russcl liana:  649 
Kadc  de  Brest  ( France ) :  150, 153 
Radioactive  tracers  (See  also  Carbon 
(C“)  assimilation)  :  105,  269,  342,  343, 
448,  449,  475,  575 
Radioactive  wastes :  679 
Radioisotopic  dating :  K“-Ar“,  248 ; 
radiocarbon,  10,  93,  112,  113,  115, 
116,  180,222 

Rainfall:  16;  Queensland  (Australia), 
435;  Yaquina  Bay  area  (Oregon), 
228 

"Rain  shadow” :  273 
Raja  eglanteria:  608 
Raja  crinacca:  608 
Rajiformes:  591 
Ramos  River  (Africa)  :  639 
Ranee  Estuary  (France)  :  150, 152, 153 
Randers  Fjord  (Denmark)  :  464 
Rangia  atneala:  463,  635 
Rangia  flexuosa:  463 
Rangoon  (Burma)  :  657 
Rangoon  net :  652 
Ranworth  Broads  (England)  :  104 
Rappahannock  Estuary  (Virginia): 
177,  283-288;  changes  in  mineral 
composition,  177;  foraminiferal  dis¬ 
tribution,  285-286;  microfaunal  fa¬ 
cies,  285;  patterns  of  microfaunal 
facies,  287 

Rappahannock  River  (Virginia)  :  247, 
248,  588 ;  bottom  sediments,  247,  248 
Raritan  Bay  (New  Jersey)  :  301,  S00, 
502.  503,  504,  505,  670 
Raritan  River  (New  Jersev)  :  21,  23, 
331.  702 

Rasbora  daniconius:  649 
Rayleigh  number :  47,  48,  49,  50,  51 
Rays :  591,  607,  625,  632,  648 
Re-aeration,  by  chrysophyceans :  295 
Recent  alluvium,  Lower  Mississippi 
Valiev :  64 

Recent  Mississippi  River  Delta,  oldest 
known  (Marsh  Island,  Louisiana): 

115 

Recent  sediments :  127,  180,  226,  248 
Reeltertia:  298 
Recruitment :  463,  471,  472 
Redfish :  411,  412,  413,  612,  632,  633 
i  ••dfish  Bay  (Texas)  :  411 
Red  lateritic  clay :  156 
Red  mangrove :  420 

Redox  |>otential  (See  also  Eh):  255, 
460 

Red  River  (New  Mexico-Texas)  :  97 
Red  Sea,  graben :  94 
Red  tide :  319,  595 

Reducing  environment,  Chesapeake 
Bay :  248 

“Red  water" :  300,  409 
Reed  swamp  encroachment :  122,  124 
Refraction  of  waves:  126.  128 
Refractive  index,  for  salinity  determi¬ 
nations  :  74-75 


Regulation  (See  Osmoregulation;  Sa¬ 
linity) 

Regulation,  pesticide  control :  690 
Regurgitations  •  374,  376 
Rejsby  (Denmark)  :  133 
Rejsby  Dike  (Denmark) :  136 
Rejsby  Stjert  (Denmark) :  136 
Remanella  brunnea :  299 
Remanella  marganlijeru:  299 
Remanella  rugosa:  299 
Remane’s  diagram :  416 
Repopulation  of  benthic  taxa :  463 
Reproduction :  467,  474  475 
Reproductive  biology :  557 
Reptantia :  585 

Research :  fisheries  related,  588-589, 
604,  613,  614,  615 ;  management,  615, 
683-686 

Reservoirs :  334,  671 
Resiliency  of  estuaries :  682-683 
Resistance  adaptation;  555;  Pagorus 
longicarpus,  555 

Respiration:  353,  416,  417,  457  587, 
598,  600 ;  phytoplankton,  318-320 ; 
plankton,  339,  417 

Reunion  Island  (near  Madagascar) : 
565 

Reversing  falls  (St.  John  River,  New 
Brunswick) :  18 
Rhabdosargus:  406 
Rhabdosargus  globiceps:  405,  651 
Rhabdorsargus  tricuspidens :  651 
Rhachianectcs  glaucus:  591 
Rhamnosides :  353  4S8 
Rhine  Estuary  (Netherlands) :  213 
Rhine-Meuse  Delta  (Netherlands)  :  177 
Rhine  River  (Netherlands-Germany) : 

149,  150, 156,  213,  658,  659,  662,  667 
Rhinobatidae :  649 
Rhinomugil  corsula:  650 
Rhinoptera  bonasus:  415,  608 
Rhithropanopeus:  468,  551 
Rhithropanopeus  harrisii:  530,  531,  551 
Rhizophora:  378, 433,  436,  439,  440 
Rhizophora  apiculata:  438,  439 
Rhizophora  forests :  437,  438,  439 
Rhizophora  mangle:  420,  431,  473 
Rhizophora  mucronata:  420,  430,  439 
Rhizophora  stylosa:  433,  437,  438,  439 
Rhizophydium :  303 
Rhizopods :  301,  459 
Rhizosolenia :  311 
Rhizosolenia  alata:  312 
Rhizosolenia  delicatula:  321 
Rhizosolenia  seligera:  321,  504 
Rhodamine,  in  current  studies :  81 
Rhode  Island :  503,  506 
Rhodomonas:  295,  296,  348 
Rhodomonas  lens:  528 
Rhodotnrula  glutinis:  307,  308 
Rliodotorula  rubra:  307,  308 
Rhone  Delta  (France) :  153 
Rhopalodia:  411 
Rhynehobotus  djiddensis:  649 
Ria:  124,  126,  219 
Ria-type  coast :  128 
Ribble  Estuary  (Engtand) :  100,  101 
Ribbon  fish :  653 
Ribe  ( Denmark )  :  140 
Ribe  Aa  (Denmark) :  142 
Rice  cultivation :  153,  656-657 
Rice  grass :  403,  404 
Richards  Bay  (South  Africa) :  440 
Rigolcts,  pass  ( Louisiana) :  628 
Hiode  la  Plata  ( U  raguay-A  rgentina ) : 
100 
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Rio  Gnuide  River  (Mexico) :  408, 410 
Rio  Grande  River  (Texas) :  115 
Rio  Par*  (Brazil) :  96 
Rio  Tempisque  (Cost*  Rica) :  583 
Rip  currents :  81 

Ripple  bedding:  diagram  of  current 
ripples,  194;  origin  and  size  classes, 
193-195,  214;  sand  flat,  194 
Riffles:  210,  212,  314;  flow  regime 
and  velocity,  195,  214;  large-scale 
inegaripptes  (dunes),  194,  195,  212, 
214;  primary  structures  produced  by 
braided  drainage  and  wave  action, 
210 

Ri||)le  structures:  193-195,  210,  212, 
Rutoina:  494 

Rissola  marginata:  609, 610 
Riss-Saale  glaciation :  129 
Rita  rita:  650 

River  basin  studies :  668-672 
River  diversion :  California,  668 ;  Dela¬ 
ware  River,  671 ;  Texas,  668 
River  flow:  4,  IS,  16,  17,  18,  19,  22, 
37,  40,  121,  123-124,  468,  668-672; 
climatic  control,  121,  123-124,  228, 
468;  effects  of  modification  on,  669- 
670 

Riverhead  (New  York) :  293 
Rivers:  216,  442.  581,  582,  583,  585, 
588,  591,  592,  604-610,  612.  613;  en¬ 
richment,  329;  mouths.  Quaternary 
history  of,  115;  tidal  section  of,  4, 
7, 170 

River  valley,  drowned  (See  also  Estu¬ 
ary,  coastal  plain)  :  3,  4,  6 
River  valleys :  estuarine  ( Gulf  of  Mex¬ 
ico),  115 
Reach :  673 

Roach  Estuary  (England) :  442 
Roecus  amcricanus:  607 
Roc  cut  saxatilis:  587,  590,  591,  601, 
607,  608,  670,  680,  683;  selectivity 
of  feeding,  601 
Rockfishcs :  591 

Rock  fragments,  relationship  to  “yel¬ 
low  grains",  Oneatta  Point  (Ore¬ 
gon)  :  234 

Rock  pools,  microbiota  of :  292 
Rockport  (Texas)  :  175,  176 
Rock  substrate .  456,  464 
Rokan  Estuary  ( Indonesia)  :  648 
Rokan  River  (Indonesia)  :  648 
Rokel  River  ( Sierra  Leone)  :  639 
R0mp  Dam  ( Denmark  ) :  133,  135,  137. 
139,  140.  141 ;  quantitative  studies  of 
sedimentation  caused  by,  139,  140, 
141.  142;  sedimentation  caused  bv, 
140-141 

Homo  Dyb  (  Denmark) :  135 
R0m0  Flat  (  Denmark ) :  136 
R0m0  Island  (Denmark):  129,  130, 
133, 134. 135. 136,  137 
R0m«i  leje  (Denmark) :  135,  136,  139 
Roscnff  (France) :  575,  576 
Ross  Creek  (Australia) :  4J2 
Ross  River  ( Australia) :  432,  440 
Rotating  tkle :  167,  169 
Rotation,  earth’s  ( See  also  C'oriaiis 
force) :  581.  586 
Rotation  current  meters ;  84-86 
Kotenonr :  595, 675 
Rot  her  River  (England)  ;  105 
Rotifers  330,  526,  530 
Rotterdam  (Netherlands) :  658,667 
Rottncst  Island  (Australia) :  96 


Rouen  Harbor  (France) :  150 
Ruhr  River  (Germany) :  667 
Runoff  (See  also  River  flow)  :  4,  581, 
583,  584,  586,  587,  588,  592,  605,  612, 
614, 670 

Ruppia .  378,  453,  461 
Ruppia  maritma:  411,  416,  473,  691 
Russia,  Asiatic  :  564,  565 
Rutlandshire  (England):  Upper  Es¬ 
tuarine  Series,  215 
Rypticus  saponaceous:  641 

Saanich  Inlet  (British  Columbia): 
273-281 ;  chemical  properties  of  sedi¬ 
ments,  275  ;  distribution  of  HiS,  274; 
major  sediment  types,  275;  minor 
elements,  276-282;  minor  elements, 
concentration  in  laminae,  278 ;  minor 
elements,  concentration  in  surface 
sediments,  277 ;  sediments,  274-276 
Saar  River  (Germany) :  667 
Sabine  Lake  (Louisiana),  barriers:  95 
Sabine  River  (Louisiana) :  115 
Saccharomyccs  crrcvuiac:  309 
Saccharomyces  oleaginosus:  309 
Sacramento  River  (California):  S82, 
614,  668 

Sado  River  (Portugal) :  306 
St.  Andrew's  Bay  (Florida)  :  2£),  221, 
222 

St.  John  Harbor  (New  Brunswick): 
39 

St.  John  River  (New  Brunswick)  :  213 
St.  Johns  kiver  (Florida)  :  95,  566, 
567,  569 

St.  Joseph  Bay  (Florida),  fine  sedi¬ 
ments  :  222 

St.  Lawrence,  Gulf :  323, 625 
St  Lucia  Estuary  (  South  Africa)  :  397 
St.  Lucie  Estuary  ( Florida) :  630,  636, 
669 

Saint- Nazairc  (France)  .  154,  155 
St  Vincent, Gulf  (Australia) :  122, 127 
Sakhalin  (U.S.S.R.) :  582 
Salic  ornia :  134,  135,  138.  140,  142,  143, 
378,  386,  387.  432 

Salicornia  hcrbacca:  138,  142, 143,  201 
Salinity  (See  also  related  terms  and 
place  names) :  4,  7.  15-78,  241,  312, 
316.  336,  378,  379,  400,  409.  410,  421, 
430,  450-452,  463.  464,  465,  46)7,  468, 
469,  470,  471,  472,  476,  525-535,  581- 
583,  584,  585,  586-587,  588-589,  598. 
604,  605,  610,  612,  614;  effect  on  rate 
of  uptake  ui  organic  materials,  370- 
371 ;  interstitial,  77,  451 :  physiologi¬ 
cal  compensations  for  changes,  526- 
535;  sedimentation  relationships, 
160-162, 170-173,  177.  178 
Salinity  distribution :  related  to  nutri¬ 
ent  studies,  330,  331-333;  theoretical 
considerations,  15-62 
Salinity  gradient:  4.  5.  222,  285,  415, 
456,  462,  463,  476,  694 
Salinity  measurement:  15,  71-78; 

methods,  15.  72-77,  421 
Salinity  ranges :  faunistic  distribution, 
4WM01.  416,  443,631 
Salinity  tolerance,  animal  species:  411, 
429-430.  465,  629 
SaJinometrr :  73 

Sally's  Bend  Tidal  Flat  (Oregon) : 
216,  231,  235,  235;  sediments,  231, 
235 

Sal  mo  ■  590 

Salmo  gatrdnm i:  5%,  614,  698 


Salmo  solar:  590 

Salmon:  584,  590,  591,  592,  601,  611, 
658,  694;  Atlantic,  590,  612;  chi- 
nook,  590,  614-615 ;  chum,  613 ;  coho, 
614;  effect  of  sewage  on  juvenile, 
693,  698;  King,  591,  614;  Pacific, 
587,  590,  592,  611,  612,  614:  pink, 
533,  592,  613;  red,  590,  613;  silver, 
615 ;  ateelhcad,  590 
Salmonidae :  590 

Salmon  River  (New  Brunswick)  :  213 
Salmon  trawlers:  615 
Saloum-Djomboss  (Senegal)  :  641 
Saloum  Estuary  i  Senegal)  :  640 
Salt,  continuity  of :  19, 20,  21,  27,  45 
Salt,  sea-derived :  3,  4 
Salt  balance :  27,  45-51,  53,  55,  56,  62 
Salt  boundary  (See  also  Salinity  gra¬ 
dient)  :  170 

Salt-bridge  geomagnetic  clectrokineto- 
graph  (GEK) :  76 
Salt-bridge  salinometer :  76,  77 
Salt  cedar :  410 

Salt  content,  of  fresh  water :  4,  443, 

448,  451 

Salt  deposits :  lateral  variations  in 
types,  216 

Salt  flux:  30,  38,  42,  43,  45,  49,  50, 
55-57 

Salt  marsh:  108-114,  122,  123,  127, 
133.  134,  140,  198,  208,  210,  216.  383- 
388,  401,  453,  454,  457,  458,  473,  475, 
614;  bedding,  198,  199;  cliff,  143, 
198;  deposits,  108-114,  137,  141-143, 

193,  197,  198,  208;  development,  108, 
133,  137-138,  140-143,  144;  develop¬ 
ment,  factors  determining,  108;  or¬ 
ganic  detritus,  383-388;  sedimenta¬ 
tion  rate,  13T— 138 ;  tidal  creeks  and 
channels,  134-137,  213;  vegetation, 
108.  134-135. 140-143,  383-388 

Salt  meadow :  124 
Salt  pans :  125,  134,  137 
Salt  tolerance,  yeasts :  307,  308 
Sal?  wedge :  16,  149,  156,  171,  213.  216, 
44s.  450,  658;  bar  formation.  171; 
flow,  tlicorctica)  analysis,  23-24 ;  pro- 
fdc.  24;  upstream  trans|iort  of  sedi¬ 
ments,  149.  213.  216 

Salt  wedge  estuary :  16,  17,  22-24,  38. 
45 

Salterns :  410,  415 
Salting  cliff  :  401,  404,  432 
Salt-secreting  cells :  584 
Salvador,  l.akc  (Louisiana)  :  117 
Salxrlinus:  590 

Samish  Bay  (Washington)  :  694 
Samisli  River  (Washington)  :  695 
Samphires :  434,  440 
Sampling:  138,  191.  229.  421,  445-446, 
513 

Sanaga  Delta  (Cameroun)  :  641 
San  Andreas  fault  rone  (California): 

94 

San  Antonio  Bay  t  Texas),  coastal 
plain  estuary :  95,  182,  287,  414 :  mi- 
crofauna!  facies  patterns,  287 
Sand :  162,  186,  211,  213,  214,  22J.  236. 
447.  448,  453,  454,  456,  459.  462.  464. 
4t>5,  466.  467,  476;  cross-hnlded,  191, 
211.  213.  214;  laminated.  191.  193. 

194.  211.  214.  243;  marine  origin, 
144,  149,  177,  236.  238;  prnfedde 
(daces  of  deposition,  11 

Sand  harriers :  95,  127 
Sand  bars:  9$,  449, 647 
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San  Diego  (California) :  95,  300,  301 
San  Diego  Bay  (California) :  88,  223, 
292,  295,  296,  297,  590,  612 
Sand  dunes :  95,  303 
Sand  flat:  113,  134,  138,  201,  464; 

structure  type,  201 
Sand  lances :  601 
Sand  prawn :  398,  401 
Sand  ridges:  11, 123 
Sand  spit:  95,  104,  109,  113,  114,  123, 
127,  128 ;  positions  of  inlets,  223 
Sandstone :  127,  210,  215,  226.  236.  489; 
Berea,  215;  Holdgate  Lower  Devo¬ 
nian,  215;  Middle  Kocene,  226 ;  Mid¬ 
dle  Miocene,  226;  Mississippi,  215; 
Tertiary,  236 

Sand  transport:  186-190;  laboratory 
experiments,  186 

Sandwich  (Massachusetts) :  moraine, 

Sandy  mud,  richness  of  fauna :  464 
Sand/  Neck  (Massachusetts) :  108, 113 
San  Francisco  (California) :  94,  223 
San  Francisco  Bay  (California) :  5, 
410,  582,  590,  591,  675,  707,  709; 
clay  suites,  223;  fault  and  erosional 
origin,  4,  94 

San  Jacinto  River  (Texas) :  115 
San  Joaquin  River  (California)  :  223, 
668,669 

San  Juan  Channels  (Washington) :  331 
San  Pedro  Harbor  (California),  color 
handing  in  Recent  sediments,  248 
Sa^Quintin  Bay  (Baja  California): 

Santa  Barbara  (California)  :  271 
Sapelo  Island  (Georgia):  383,  384 
387,552.566.567.568  ’ 

Sapropel :  376 
Saprozoites :  300 

Saratoga  Passage  (Washington)  :  697 

Sarda  sarda:  61 1 

Sardine  :  6|4  615 ;  Gulf,  634 

SardincUa  aurita:  641 

SardincUa  ct'a  641 

SardincUa  fimbriala:  649 

Sardinops  car  mica :  614 

Sargasso  Sea :  342 

Sargassum:  494 

Sargassum  fluilans:  356 

Sartiassum  no  lam:  356 

Sargassunt  weed :  356,  358,  359 

Sargus  5  33 

Sarmalium  crassum:  434 
Sarmalium  orlmanii:  440 
•Satellite  Channel  (British  Columbia)  : 

Saturated  aci<ts,  in  certain  plankton 
organisms :  355 
Saussurite :  149 

Savannah  River  Estuary  Kieorgia) 
Scad :  653 

S  canola  wrier  a  433 
Scanota  laecala:  433 
Scallop.  S5A.  585. 612 
Scandium :  276.  277.  278, 279,  281 
Searcies  Estuary  (Sierra  leone) :  640 
ScatofUiagklae :  651 
Scalopkagns  arms  651 
Seaw  «  Denmark) ;  129 
Sccncdcsmus :  292 
Sccncdcsmus  quadrvanda  293 
Sccncdcsmus  gnodricandn  ■  342 
Scheldt  Estuary  (Netherlands) :  149 


Scheldt  River  (Netherlands)  :  149,  660, 
674 

Schiedaw  (Netherlands) :  149 
Sckilbe  mystus:  641,  642 
Schilbeidae :  641,  650 
Schist :  231 

Schmackiria  serricaudatus:  640 
Schorres,  tidal  marshes :  150 
SchrodcreUa  delicatula:  321 
Sciacna :  642 
Sciacna  albida:  651 
Sciacna  bclangeri:  651 
Sciacna  c pipe  reus:  642 
Sciacna  glauca:  651 
Sciacna  hololcpidola:  651 
Sciacna  nigrila:  642 
Sciacna  russelH:  651 
Sciacna  vnglcri:  651 
Sciaenidae  (sciaenids) :  378,  411,  413, 
590,  594,  627,  628,  633,  635,  642,  648, 
651, 653 

Sciarnoides  biauritus:  651 
Sciacnups  ocellata:  411,  413,  625,  633, 
635 

Scirpus:  378 
Scirpus  olncyi:  691 
Sciisulina  dispar:  428 
Scolelepus:  428 
Scoloplos  armiger:  201,  202 
Scomber  scombrus:  608 
Scomberomoridae :  651 
Scomberomorus  corolla:  611,  625 
Scombcromans  maculatus:  608  625 
642 

Scomberomorus  rcgalis:  625 
Scombridae :  642 
Scophthalmus  aquosus:  608 
Scorpaena:  533 
Scorpaenidae :  591 
Scorpion,  sea :  568 

Won  Neck  ( Massachusetts) ;  108, 
Scotland:  215 

Scour  lag:  165-166,  169,  177,  178,  193; 
distance-velocity  asymmetry,  165 ;  ef¬ 
fects,  165;  relation  to  diameter  of 
particles,  167 
Scrobicularia  plana:  200 
Sculpins:  591,  601 
Scup:  600,  601,609 
Scyliorhinidar :  649 
Scylla:  652 

Sc ylla  scrrala:  426,  428,  429,  430  439, 
652 

Scyphiphora  hydropkyllacca:  437 

Scyris  alexandrinus :  641 

Scylamonas:  295 

Scylomonas  pusilla:  295 

Seahajs:  601,609 

Scahob .  625 

Sea  cliffs:  219 

Sea  cucumbers :  652 

Sea  feather :  494 

Sea  grass :  462,  494 

Seahorses:  609 

Sea  level:  10,  93.  95,  115,  116,  119, 
475;  lowstand.  97,  115,  219-220-  os¬ 
cillations.  10.  9J.  98.  115,  180;  itda- 
t  ions  hips  of  the  postglacial  rise,  II 
Sea  lions  :  591 
Seals  59J 
Scape  rchei :  591 

Sea  salt :  electrolyte  mixture.  72 
Seasonal  activity :  fish,  temperature  re¬ 
lated,  633 


Seasonal  cycle ;  phytoplankton,  quanti¬ 
tative  aspects,  318 
Sea  stand  (See  Sea  level) 

Sea  stars :  472 
Sea  thrift ;  404 

Sea  trout :  41 1 ;  gray,  594, 600, 601 
Sea  trout  migration :  effect  of  sewage, 
679 

Seaward  Aviccnniu  fringe;  436,  437, 
438,  440 

Sea  water :  artificial,  446 ;  countercur 
rent,  estuarir*  enrichment,  330;  mi¬ 
crobiological  assays  for  constituents, 
341;  reactions  with  CO*  336-337, 
458 ;  systems,  laboratory,  446 
Sebastian  Viscaino  Bay  (Baja  Cali¬ 
fornia)  :  220,  223 
Sebkhas ;  211 
Seculor  insidiator:  650 
Seculor  ruconius:  650 
Sedpe :  401 

Sed'ment  (sediments) :  11,  115,  127. 

304.  329,  376,  380,  392,  411 
444,  447,  448,  449,  452-462,  464,  465- 
467,  472,  473,  474,  475,  476,  708;  ac¬ 
cumulation  rate,  126-127, 183;  chemi¬ 
cal  properties,  249-257,  269,  275-281, 
456;  color,  239,  243,  246,  247,  251, 
252,  253,  255,  257,  259,  459;  compac¬ 
tion,  116,  138,  178,  261-267;  compo¬ 
sition  related  to  benthos  distribution, 
460.  466,  474;  distribution,  10,  11. 
221.  422,  453,  456,  461,  474;  estu¬ 
arine  (general).  176-178.  212-214 
grain  size,  177,  243-246,  455,  465- 
467,  472,  475,  476;  grain  size,  analy¬ 
ses,  150-152,  229-230,  247-248,  444, 
456,  466 ;  nearshore  slope  (general), 

IS-1 7£i  f1*0™0"*).  455, 

<5$  4,7  *33.  461;  reworking  of, 
193;  sources,  119,  149-156,  236,  275; 

2«*i.276.  <55,  456;  tidal  flat. 

tr*n*f°rmation, 
239,  268-271,  453;  transport,  133, 
155,  158-174,  176,  185-190,  221,  449, 
465, 670  *  * 

Sedimentary  environments:  estwrine 
day  flats,  210  high  tidal  flats,  208- 
209 ;  low  tidal  flats,  209 ;  salt  marshes, 
208,  210;  tidal  channels,  209;  tidal 
2*0*  ■  w*ve<ut  benches. 

Sedimentary  processes :  inorganic 
processes,  207 ;  organic  processes,  208 
Sedimentary  rock:  214  216,  226.  273; 

ancient  estuarine,  214-216 
Sedimentary  structures:  193-198,  243. 
245;  burrowing  activities.  192-193. 
Jw.258^ejpoiwl  distribution  (Nurth 

Sedimentation :  108-120,  121,  122.  124 
127.  137-144,  158-288,  375  37$  449! 
452-455,  456,  458,  459,  47S;  agents 
of  transport  121,  127,  220;  biotic 
I92’  ^  4y:  deltaic, 
II6-I20,  220;  estuarine,  121,  180, 
213.  216,  22J;  lateral.  208;  micro- 
faunal  distribution.  283-288;  model 
Bar).  257;  rate,  337- 
140,  192,  236,  286 ;  vertical,  208 
Sediment  budget.  Wadden  area:  138 
Sediment  disposal :  409, 684 
Sediment  flux  :  118, 180 
Sediment  sampler  for  suspended  mm- 
term)  138 
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Sediment  trap:  127, 172 
Sediment-water  interface :  455, 460 
Seke,  Baie  de  la  (France) :  150 
Seine  Eattary  (France) :  sediments, 
150 

Seine  River  (France) :  156 

Selar  crumenophthalmus:  608, 611 

Selene  vomer:  606, 607 

Senegal:  583,639,640 

Senegal  River  (Senegal) :  640 

Sengana  River  (Africa) :  639 

Septa:  406 

Serranidae :  641, 650 

S er ratio  marmorubra:  369 

Serum :  nitrogen,  507 ;  phosphate,  506 ; 

ultraviolet  absorption,  spectra  of,  506 
Sesarma:  401, 402,  403,  434, 642 
Setarma  catenata:  405 
Setarma  eulimene:  440 
Sesarma  guttata:  434 
Sesarma  meinerti:  434,  439 
Sesarma  nrtmanni:  440 
Sesarma  st'mptri:  434 
Sesarma  emit  hi:  434,  439 
Sesarmas :  434,  435,  440 
Seston:  385,  387,  391-394 
Sesuvium:  432 

Sesuvium  portularastrum :  432 
Seteia  (England) :  101 
Setipinna:  653 
Setipinna  brcviceps:  649 
Setipinna  melanochir:  649 
Setipinna  phasa:  649 
Setipinna  taty:  649 

Settlement  of  larvae:  468,  471,  472, 
473,  475,  476 ;  gregarious,  472,  475 
Settling  lag:  165-166,  167,  169,  193; 
distance-velocity  asymmetry,  165 ;  ef¬ 
fects.  178;  relation  to  diameter  of 
particles,  167 

Settling  velocities,  clay  mineral:  161, 
162 

Severn  Estuary  (England)  :  32,  100, 
106.  213,  214;  horizontal  eddy  dif- 
fusivity,  summer,  30 ;  horizontal  eddy 
diffusivity,  winter,  30 
Severn  River  (England) :  21.  213 
Sewage:  378,  667,  678;  enrichment  of 
freshwater  ponds,  678 
Sewage  disposal:  670,  671.  677,  678, 
679;  Potomac  Estuary  (Washington, 
0.0,667 

Sewage  outfalls :  678 
Seymour  Creek  ( Queensland,  Aus¬ 
tralia:  126 

Shad:  587,  590,  593.  594.  600,  601,  609, 
612.  614,  658;  gizzard,  609;  hickory, 
608-609;  West  African,  (40;  white, 
670 

Shales:  153,  214;  black,  259,  273 
Shark  Bay  (Western  Australia):  121, 
122.411 

Sharks :  591,  632.  648 
Sheepsrot  Estuary  (Maine) :  590 
Sheet  sands,  regressive :  181 
Shelf-break  9 
Shell :  212,  243.  456 
Shellfish :  473.  596.  616.  617 
Shelter :  474.  475.  588 
Shenge  (Africa)  :  (40 
Sherbro  Estuary  ( Sierra  Leone ) :  (40 
Sherbro  River  (Sierra  Leone) :  640 
Shetland  Islands :  662 
Shinnecork  Bay  ( New  York ) :  293, 
330 


Shiogama  Harbor  (Japan) :  311 
Ship-set :  81 
Shipworm :  672 
Shoal,  growth  of:  97 
Shoalhaven,  Lower  (Australia) :  127 
Shoal  haven  River  (Australia)  :  127 
Shore:  North  Sea,  201-204 
Shore  (shoreline) :  11,  449,  464 
Shore  crab,  electrolytic  imbalance  stud¬ 
ies:  541-547 

Shrewsbury  Rocks  (New  lersey) : 
333,  334 

Shrimp:  308,  405,  406,  417,  430,  450, 
585,  596,  601,  604,  610,  613-614,  622, 
624,  625,  627,  628,  632,  633,  634,  635, 
642,  643,  644,  649,  654,  662,  670,  673; 
•brine,  413;  brown,  625,  630,  662; 
ghost,  677;  grass,  412;  hippolytid, 
495;  osmoregulatory  capacity,  551, 
630 ;  osmoregulatory  capacity,  salin¬ 
ity  limits  of  common  commercial  spe¬ 
cies,  630 ;  palaemonid,  495,  628,  634 ; 
penaeid,  378,  412,  495,  630,  632,  636; 
pink,  625,  630;  river,  632;  seabob, 
632;  white,  621,  625,  627,  629,  630, 
691 

Shrimp  fishery:  611,  614 
Siam :  564,  565 

Siderastrea  sideria:  494,  498,  499 
Siderite :  270 

Sierra  Leone  :  639,  640,  641 
Sierra  Leone  Estuary  (Sierra  Leone) : 
640,  643 

Sierra  Leone  River  (Sierra  Leone) : 
639 

Siganidae :  651 
Siganus  guttatus:  651 
Siuanus  oramin:  651 
Siganus  ivrmiculatus:  651 
Signalnsa  mexieana:  634 
Silica :  329 
Silicates  :  312,454 
Silkoffagellides :  298 
Silicon :  329 

Sill  (sills) :  5.  52,  53.  63.  64,  273.  274, 
697 ;  circulation  over.  53,  65-67,  274 ; 
depth,  63 
Sillaginidar :  650 
Sillago  panijius:  650,  653 
Sillago  sihama:  650 
Sillimanitc :  230,  231.  235 
Siltmia  silondia:  650 
Silt :  125,  144,  162,  163.  164.  165,  274. 
317,  378,  401,  447,  448,  453,  454,  455, 
459.  462,  464,  46 6.  467,  584,  679; 
maximum  time  lag,  167.  168;  pro¬ 
duction  and  distribution,  679 
Siltation:  165,  317,  401,  670,  671 
Siltstone:  153,  210,  215;  Middle  Eo¬ 
cene,  226;  Middle  Miocene.  226; 
Tertiary,  236 

Silurian  rocks  (Michigan,  Ohio,  New 
York)  :  216 
Siluridae :  641.  649 

Silver  Bay  (Alaska) :  54,  55,  61 ;  ver¬ 
tical  distribution  of  properties.  54- 
57,62 

Silver  Glen  Springs  (Florida):  549 
551,  552,  567.  570 

Silverside  :  411.  414.  591.  595,  600.  601, 
610,  634  ;  rough,  634 
Similarity  solution  :  46-50,  55-61 
Singa|iore :  564,  657 
Si|ihon  sampler :  138 
Siphonales :  527 


Siphonaria:  405 
Siroridac :  649 

Sivash  Sea  (U.S.S.R.)  :  414,  416 
Size  fraction;  166,  173;  relationship  to 
sediment  color  (Chesapeake  Bay), 
246 

Size  of  animals:  411,  463,  592-593, 
595,  596-597,  600,  601,  608 
Skaerbaek  (Denmark) ;  133 
Skagway  (Alaska) :  590 
Skalting  Laboratories :  132 
Skallingen  Peninsula  (Denmark) :  130, 
133,  134,  137 ;  spreading  of  vegeta¬ 
tion  on  tidal  flats,  135 
Skates:  591,625,648 
Skeena  River  (British  Columbia) :  582 
Skeletoncma:  322,  518 
Skcletonema  costatum:  312,  321,  322, 
323,  342,  362,  363,  504,  528 
Skerries :  63 

Skewness  coefficient :  229,  231,  262 
Skilletflsh :  607 
Skipjack :  411 

Skua  Lake  ( Antarctica)  :  347,  348,  349 
Slik  (slikkes)  :  143,  150 
Slime :  376,  418 
Sludges,  organic :  376 
Smelts :  590,  591,  601,  612,  614,  659 
Smythite :  magnetic  iron  sulfides,  269 
Snails :  367,  434,  556,  558 ;  hydrobiid, 
560 ;  littorine,  430 ;  surface  film  feed¬ 
ing,  367 

Snapper :  642,  643,  655 ;  red,  625 
Snohomish  River  (Washington)  :  694, 
697 

Sixlium :  177,  216,  456,  525,  528,  541, 
542,  545 ;  molybdate,  348 
Sixlium  electrode :  75,  76 
Soft  clam-clam  worm  flats  :  473 
Soft-shell  clam:  673;  Chesapeake  Bay, 
680 

Sogncfjord  (Norway)  :  63,  64,  70 

Sole  :  662 ;  blind,  648 

Solea  bleekrri:  651 

Solea  trinphthalma:  641 

Solciilac :  Ml,  651 

Solemva  velum:  36 8 

Si  den:  402 

Solea  capensis:  404 

Solenastrea  hyades:  494 

Soliriuction :  150 

Solomons  (Maryland):  239,  240,  241. 
253,  292 ;  hydrographic  conditions  in 
Clicsa|krake  Bay.  240 
Somersetshire  (  England)  :  211 
Sonic  current  measurement  methods : 
81 

Sonne  ratio :  440 
Somieraha  alba:  438,  439.  440 
Sounerutia  ea.teolaris :  420 
Sorption :  459 

Sorting  coefficient :  229,  2b2 
Sounds :  5,  15. 63,  593.  614 
South  Africa :  121.  378.  564.  565,  570 
South  America :  312.  583.  587,  (>3o 
South  Atlantic  Bight :  582 
South  Atlantic  const :  630 
South  Bay,  laguna  Madrc  (Texas): 
411 

Southhrach,  Yai|uina  Bay  (Oregon)  : 
232 

Southheach  filial  fiat.  Yaquina  Bay 
( Oregon )  :  226,  235,  236 ;  heavy  min¬ 
erals,  235 
South  China :  565 

South  Downs  (England) :  105,  106 
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Southern  California,  sedimentary  ma¬ 
terials  :  223 

Southern  Hemisphere :  583,  587 
Southern  Ocean  (Pacific) :  121,  124 
South  Pass  (Mississippi  River):  26, 
95,  97 

South  River  (Marshfield,  Massachu¬ 
setts)  :  552 

South  Wales  (England) :  100 
Southwest  Pass  (Mississippi  River): 

24,  26,  95,  621 
Spadefish :  607 
Sparidae:  413,  594, 651 
Spartina:  37 8,  379,  381,  383-388,  440, 
458,  461 ;  marshes,  384,  387 
Spartina  at  ter  ni flora:  108,  112,  383, 
387,  473 

Spartina  patens:  691 
Spartina  hnvnsendi:  201 
Spathidium  proccrum:  299 
Spawning:  468,  470,  471,  585,  589,  591, 
601,  6 04,  608,  609,  610;  stimulation, 
468,469 

Speciation :  467,  568 ;  selective  forces, 
562 

S|>ccies :  distribution,  463,  467,  564- 
566;  geminate  pairs,  464;  indicator, 
462,  473;  interactions,  475;  number 
of,  462 ;  stable,  475 

Species  abundance,  in  various  tempera¬ 
tures  and  salinities  (Laguna  Ma- 
dre)  :  416 

S(iecics  composition,  nekton :  593,  594, 
595,601,611 

S|»ecies  in  one  genus :  475 
Species  mass :  633 

Spencer  Gulf  (South  Australia);  122, 
127 

Spent  sulfite  liquor  (SSL! :  693 
Sphaeroides  maculatus:  608 
Sphaeroma  serratum:  570,  575 
Spheeospongia  vesparia:  494,  498,  499 
Sphenomonas  elongata:  295 
Sphenomonas  quadrangularis :  295 
Sphenomonas  teres:  295 
Spheroides  testudinens:  495 
Sphyraena:  642 
Sphyraeno  borealis:  608 
Sphyraena  ganehaneho:  641 
Sphyraeno  loghava:  650 
Sphyraena  sphyraeno:  641 
Sphyraenidae :  641,  650 
Spirodinium :  297 
Spisula:  471,  476 
Spits  ( See  Sand  spit) 

Sponge :  155,  430.  526;  loggerhead,  499 
Spores :  275,  303,  304,  526 
Sporobolus:  402,  403 
Sporobolns  virginieus :  404,  432,  439 
Sports  fishery :  626 

Spot :  568.  590.  593,  594.  599,  600,  601, 
610,  625,  635.  669:  pearl.  648, 655 
Spotted  sea  trout,  sue  distribution :  411 
Spring  Creek  (Barnstable,  Massachu¬ 
setts)  :  114 

Spring  titles :  124,  166,  168 
Springs :  447.  457,  498 
Spurn  Head  (England) :  103 
Sqinliformes :  591 
Squatus  aeanlhias:  608 
S quoins  snekleyi:  591 
Squeteague :  626 
Squid  584-585. 604 
Stability  of  inlet :  bypassing,  186,  187- 
188;  cross  section,  186,  189-190;  lo¬ 
cation.  |86. 189 


Stability  fields,  iron  minerals  in  anae¬ 
robic  marine  sediment :  270 
Stabilization  period,  estuarine  organ¬ 
isms  :  532 

Stagnant  deep  water  (fjords) :  5,  67, 

Stains:  447,  448,  453 
Standing  crop :  283,  596,  596 
Stands  of  ocean  (See  S': a  level) 

Star  drum :  634 

Starfish:  205,  528,  533,  548;  portion 
of  major  ions  in  body  fluids,  528 
Statiee:  138 
Statiee  limonium:  138 
Staurolite :  230,  231,  235 
Stavanger  (Norway) :  65 
Stavcren  (Netherlands) :  659 
Steady  state :  27,  35,  38,  56 
Stearic  acid :  355,  357 
"Stechkasten" :  191 
Steetibras,  white :  406 
Stellifer  lanceolatus:  635 
Stenocodon:  295 

Stenohaline  marine  component:  400, 
443,444 

Stenolialine  organisms :  400,  443,  444, 
673,  674 

Stenosemella  nivalis:  299 
Stenotherms :  316,  321 
Stenotomus  ehrysops:  608,  609 
Stenotopic :  462 
Stenovalent :  562 
Stephanoeca:  300 
Stephanopogon  colpoda:  299 
Stephanopogon  mesnili:  299 
Sterna  hirunda:  309 
Sterna  minuta:  309 
Sterna  sandvteensis :  309 
Sterromonas:  295 
Stichacidae :  591 
Stiehocoeeus:  678 
Sticklebacks :  532,  535,  591,  601, 607 
Stigmatogobius  javanieus:  651 
Sliymatoyobius  minima:  651 
Stillstand  <  See  also  Sea  level) :  93,  95, 
97, 115 

Stingaree :  632,  635 
Stisostedion  vitreum:  681 
Stolephoridae :  649 
S telephones  baganensis:  649 
Stomach  contents :  421,  596.  601 
Siomolophus  meleagris:  415 
Storm  Bay  (Tasmania)  :  128 
Storms :  449.  587 
Stour  Estuary  (England)  :  104 
Stradbrokc  Island  (Australia)  :  128 
Strandlines:  93,  115 
Stratification:  45,  123,  171,  172,  669, 
674,682 

Stratification,  vertical :  factors  control¬ 
ling  in  estuaries.  40 
Stream  roaette :  167, 168 
Streams :  447,  448,  449,  454,  462,  471 
Streptoeephalns:  534 
Stress  (See  also  Turbulence ;  Wind 
stress) :  19.  21.  26.  27.  28,  29.  30.  38. 
46.  54.  55.  56,  57.  58.  62 
Striped  hass :  587.  590.  591.  594.  596- 
597.  599.  600-602,  603,  608,  610,  6IZ 
614,  615.  670.  680,  683;  tei«th- 
weight  relationship,  606;  variation 
in  catches,  601,  602 
Strobilidium:  2W 
Strobilidinm  monnum  299 
Stromateidar :  594.  651 
Slnanatolite :  41 1 


Strombidium  (strombid!*)  ;  299,  300 
Stramonium  cinetuu:  299 
Strombidium  eutnueopiae:  299 
Strombidium  lagenula :  299 
Strombidium  pvlchorum:  299 
Strombidium  sulcata:  299 
Strongylidium:  299 
Strongyluro  crocodila:  641 
Strongylura  marina:  60S,  606 
Stumpnose,  white :  405 
Sturgeon ;  590, 605,  608, 658 
Stybchus  ellifticus:  549 
Suadea  marittma:  138 
Suaeda:  4 32 

Subarctic  region :  582,  583 ;  water,  586, 
587 

Subfacies,  microfaunal  patterns:  283, 
284,285 

Submarine  canyons  and  channels :  10 
Subparticulate  organic  material:  374, 
376 

Subpopulations,  menhaden :  590 
Subsidence:  5,  105,  116-117,  128,  144, 
220;  coastal  indentures  formed  by, 
5,  224 ;  rates,  deltaic  sediments,  116 
Substratum:  398,  421,  423,  459,  472; 

sampling,  421,  445-446 
Subtropic  water :  586 
Succession:  461,  475-476;  seasonal, 
591-593 

Succinic  acid :  454 
Sucrose :  454 

Sugar  ( sugars)  :  363,  364,  374,  376, 
455,  458 ;  excretion  of,  363-364 
Sugarcane  borers :  690 
Suisun  Bay  (California) :  223 
Sulfate :  24«50,  259,  459,  £25.  528 
Sulfate-chloride  relationships,  Chesa¬ 
peake  Bay :  249-250 
Sulfhydril :  459 
Sulfide ;  254, 268,  270.  281,  459 
Sulfite  waste  liquor  ( SWL)  ;  693,  696, 
697,  696,  699;  effects  on  dissolved 
oxygen  and  pH,  698 ;  effects  on  oys¬ 
ters,  694,  695-696,  699.  700;  effects 
on  young  salmon,  694,  698,  700 
Sulfur:  254,  268,  269.  270,  271,  280, 
291,  349,  457,  459;  distribution  in 
sediments,  270,  271 
Sulfur  bacteria;  291,  301.  459 
Sumatra  ( Indonesia) :  647.  648 
Sunderbans  ( India- Pakistan)  :  647, 648, 
652.  654,  656;  utilization  of  catches, 
653 

Sunderbans  Estuary  ( India- Pakistan)  : 

648,  652,  653,  654 
Sunfishrs:  601 

Sunk  Island  ( England) :  102 
Surf  zone :  192,  193 
Surfperches :  591, 601 
Snrrirella:  426 

Survival :  469.  472;  of  fishes,  589.  601, 
603 

Survival  mechanisms :  472-473 
Suspended  matter:  distribution.  Dens¬ 
er*  ra  River  (British  Guiana),  173; 
distribution.  Waddrn  Zet  (Nether¬ 
lands).  164,  169.  170;  lag  effects, 
163-166 ;  penetration  into  fresh  water, 
173:  tidal  varatiuns,  162, 163;  trans¬ 
port  by  tidsl  currents,  162-170 
Suspension  feeders :  455,  459,  461,  476 
Susquehanna  River  ( Pennsylvania- 
Maryland) :  4, 669. 670 
Sussex  (England) :  105 
Sussex  river*  (England) :  106 
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Sutm'mm  porlulacastnm:  439 
Swan  Estuary  (Australia) :  123, 1 24 
Smut  River  (AwtraJk) :  93 
Sweden :  566;  coast,  564 
Syoemm  grmleri:  635 
Sydney  (Australia) ;  126 
Sytiidae;  574 

Sylt  Island  (Geinany) :  130 
Symbiotic  interrelationshios ;  474 
Symptoms  ptagiusa:  609,  -32, 635 
Sy uaptura  lusilauiea:  641 
SyngnatitidM :  641, 650 
Syngnethu:  495 
Sjuguatkus  now.  650 
Synguatkus  fuseus:  609 
Syoodon  tktae :  649 
Syaodoutis  mctmopterus:  641 
SynodouHs  sckall:  641 
Syaodms  fattens:  606 
Syracotpkoero  carter oe:  293,  296 
Systematic*  r  446-447,  706 

Tacky  soma  pelionella:  299 
Tachysuridae :  649 
Tack  yarns:  642;  648 
Tockyturus  arms:  649 
Tacky  sunt  j  coe lotus:  649 
Tacky  am  jalccrius:  649 
7W*y.mnir  f clucks:  649 
Tacky  sums  ffambensis:  641 
Tacky  turns  keudetoH:  64! 

Tacky  sum  jello:  649 
Tacky  sums  laliseulotus:  641 
Tacky  turns  macronnlacanlkus:  649 
Tacky  am  uengo:  649 
Tor  A  jcunie  talporanus :  649 
Tachysum  sona:  649 
Tack  yam  abrostralus :  649 
Taenioides  ckilkcutis :  651 
Taenioididac :  651 
Tagclns  dn-itns  413,  414 
Tagginr:  594 

Tagus  Estuary  ( Portugal) :  306 
Tagus  River  (Portugal) :  306 
Tahoe,  Lake  (California- Nevada) :  350, 
351 ;  studies  of,  35W52 
Talitrid  amphtpcxti :  401.  404 
Tamar  Estuary  ( England ) :  464 
Tamar  Estuary  ( Tasmania ) :  122 
Tamar  River  t  England )  :  292,  570 
Tama ul mat  (  Mexico) :  408 
Tambaks :  655.  656 
Tambiegam  Lagoon  (Ceylon)  :  652 
Tam  bo  River  (  Australia )  :  124 
Tamtahna.  I-aguna  iir  (  Mexico)  ■  621 
Tampa  Bay  (  Florida),  sediment :  222 
Tanaid :  571 

Tancarville  '  France)  :  ISO 
Tangur": 152 

Tapkromytu  b.toasjxi  s9>.  496  49B 
Tardigradrs  t  52b 
Tartar  <  Prance) :  150 
Tarpon :  601 

Tasmania  121.  128;  estuaries.  122 

Tahn/lobm  ads  per  nt:  606 

Taxa:  313,  309.  474 

Taxmeny .  446,  447 

T^mtao  Shaw  (channel  limestone): 

Tea  tree,  paperhatk  437 

Tee  hr  barrier  ( l.uuisiana) :  97 

Teciw-Misshsippi  ( I  simian*) :  96 

Teetieoruia  eiuerra  40 

Tret,  nut  yraresvrs  10,  123.  127,  126; 

forming  estuaries.  5.  9.  123  126 
Tedmm  tgwu;  494 
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Tees  Estuary  (England) ;  464 
Tees  River  (England) :  18 
Tegula  fasciola:  413 
Teleostei  (teleoati) ;  41S,  528 
Tcltsc  opium  tele  sc  opium:  436 
Television ;  microscope,  454 ; 

water,  445 
Tellma  ballkico:  673 
Ttllma  lampaeusis:  412, 413, 414 
Ttllma  versicolor:  495 
Ttlosloma  ferroi :  299 
Temora  longicornis:  323,  501 
Ternotj  slylifera:  501 
Temora  lurbtuala:  513, 640 
Temperate  latitude :  468,  471 
Temperature  (See  also  related  terms 
and  place  names) :  222,  316,  448,  450. 
451,  467,  468,  509,  525-535,  548,  5S5, 
584.  587-569,  592-593,  595,  596-597, 
610.  612,  614,  672,  673.  685,  693.  697; 
effect  on  photos  yntlies  is,  346-349, 
350;  physiological  compensations  for 
changes,  526-533,  534-535 ;  struc¬ 
tural  changes  m  water,  451 
Temperature-salinity  correlation:  53. 

Temperature-salinity  diagram  (Strait 
rrf  luan  de  Fact) :  S3,  330-331 
Teudipes  If » lens,  larvae :  423.  425 
Tcnpounder:  411 
Terebralia:  436 
Trrrbralia  pains’,  ris  434 
Trrcbrolio  sulcata:  434 
Teredo:  471,  672;  larvae.  470 
Tentiinos,  I-aginia  de  (Mexico) :  621 
Terschelling  ( Netherlands)  •  662 
Tertiary  Age:  97,  100,  105.  156 
Tethys  Sea:  565 
Telraclila  serrato:  405 
Tctracosadimoic  acid :  357 
Tetragonal  ferrous  sulfide :  268 
Tetrakymeua:  299 
Telmrlmis:  S18 
Telrodon  puslulalus:  642 
Tetrrjdontidae :  642.  t>51 
Teutkis  ator:  651 

Texas:  176.  417.  568,  589.  590,  594, 
595.  610,  u23.  625.  626.  627,  631,  633. 
709 

Texas  coast  :  627.  630;  bays.  628;  la¬ 
goons.  216 

Texas  (iull  Coast :  182 
Tcxel  (Netherlands)  :  169.662 
Thais:  W2 
Thais  dubht:  405 
Thau  kcvmestoma  62! 

Thau  liaeu  osloma  fioridanj:  494 
Tkalasjia:  46|.  496,  4V7 
Tkalassns  testudmum:  410,  494,  496, 
498 

T  kolas  run  (thal»s*mi>kans) :  43r> 
Tkalastma  smemala:  434.  436.  439 
Tkalasshmcma  »i Iztckudiei:  321.  322 
Thalasnsstra  312.322 
ThaUsrosira  drnpvns:  32 1.  322 
ThaUsstostro  fhnnahlu :  jf,5.  3tA,  528 
Tkqlaisiotsrg  gratnda:  321.  504 
Thalauiotm  uordeutkuddii :  321.  322, 
362 

Thateieklkrt  par i/trai  b‘2 
ThaJa  eg  113 

Th-mrs  Estuary  (England):  16,  22. 
23.  U.  33. 675.  679 

Thame*  ( Lower )  River  ( England ) 
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Thames  River  (England) :  18,  29,  46, 
51,  100,  104,  105.  106,  662,  708;  hori¬ 
zontal  eddy  diffusivity,  30 
Thatch  :  106  ;  line,  108 
Tkaumalomastix:  296 
Tkecadmium  kofoidi:  297 
Theeaimebina  (thecamoebinids) :  283, 
285 

T kele pus  plagioslomo :  405 
Tkerapontdae:  650 
Tkerapou  jarbua:  650 
Tktrapon  pula:  650 
Thermal  additions :  672, 673,  685 
Thermal  differential  analysis:  152,  153 
Thermal  limits  in  resistance  adapta¬ 
tion  :  555-556 
Tbermoctine :  81,  320 
Thiamine :  317,  460 
Thigmotactic  larvae :  469 
Thin  grass  system :  416 
Tkiodendnm  mucosum:  291,  301 
Ttuorhodaceae :  291 
Thixotropy :  267,  456 
Thor  fioridauus:  495,  497.  498 
Tkrauslockylrium:  304 
Thteadfin :  632,  634. 642,  648.  652, 653 
Three-cornered  grass :  691 
Three-layered  circulation ;  54 
Threonine:  369 
Tkrissoclcs  auuaudalei:  649 
Tkrissocli  s  kamillouii:  649 
Thrissoclfi  kommjlcnsis :  649 
Thrissnclfs  krmpi  649 
Tkrissoclcs  molabaru  ms:  649 
Tkrissoclrs  ntytlat:  649 
Thrissoclts  par  or  a:  649 
Tkrissoclcs  rombkae:  649 
Thy  rone  briar  e  us:  368 
Tkysamopkrys  iudicus:  651 
1  iariua  funs:  299 

Tidal  amplitude :  18.  44.  122,  124.  128. 

226.  449,  453.  463.  468.  471 
Tidal  asymmetry:  162,  IfcJ,  166,  167. 
168;  time-velocity  asymmetry.  166, 
167 

Tidal  bedding :  196 

Tidal  channel* :  11R-119.  1J0.  134-137. 
165.  169-170.  200.  201.  208.  21J;  ebb 
and  flood  channel  formation,  134, 
136,  1WM70;  meander.  134.  136, 
iW-lTD.  201.  208,  454;  receding  and 
prugrading  hanks.  2G0,  sedimentary 
envirsaunent.  209.  216 
Tidal  creeks:  130.  134-1 J7.  138:  tram- 
port  <4  organic  detritus,  383-388 
Tidal  currents  7.  16.  17.  18.  22,  80. 
134  170.  202.  204.  449.  450.  461.  465. 
Md>.  468.  469.  472.  47b;  hydraulic, 
80;  rrenlmrar  or  reversing,  80;  ro¬ 
tary.  *>.  167.  169 

Tidal  cycle  165.  42D-431.  450.  453. 
468.  697 ;  diurnal  change*  in  physi¬ 
cal  and  rhrmsral  rundrtMt*.  Htcia 
Stream.  421 ;  effect  on  vrjwr  Irvd 
m  rivers.  4.  7;  variation  in  rflhsrnt 
ptumr.  697 

Tidal  esluarirs.  hydraulic  geometry: 
113-114 

T«U  exchange  (See  also  Flushing): 
468.  471 

Tidal  flat  (See  also  Waddrn)  I  JO- 
132.  1 33  140-143.  149.  162,  174-175. 
|98«20|.  222.  453:  ancient  deposits. 
2)0-212  2)6 .  ebb  and  gaud  channels. 
134-137.  166-170;  factors  in  Perm 
taus  169.  174-17$;  Fumfy-typr.  207. 
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209-210,  216;  relationship*  between 
waves,  curreMs,  and  infauna,  and 
sediment  distribution,  192 ;  sedimen¬ 
tary  structure  types,  193—198,  203; 
sediment  distribution,  175,  191,  193; 
sediments,  139,  140,  141,  142,  191, 
193,  219;  Wadden-type,  207-209,  210, 
211, 216;  wave  activity,  lo9, 175 
Tidal  inlets:  130.  185-190;  tidal  flow 
bypassing,  187-188 
Tidal  marsh  <  See  Salt  marsh) 

Tidal  mixing  <  See  Turbulence) 

Tidal  prism :  187 

Tidal  pium  method,  for  water  ex¬ 
change  :  20 
Tidal  rhythm  •  468 

Tidal  scour  I  See  also  Scour  lag) :  127 
Tides  (See  also  Tidal  currents;  Tidal 
channels » :  3,  4.  5,  7,  39.  80. 123.  124, 
d49.  468.  581.  585.  590,  591.  592,  614 
659;  ebb.  4.  7.  28.  41.  42,  468,  469, 
471 ;  flood,  4,  7.  23,  41.  42,  469;  high, 
3,  77;  Imrizontal,  170;  “King”,  lit ; 
low,  3,  77.  378.  468,  473 ;  mixed  semi¬ 
diurnal.  22f  neap,  166.  468;  spruu. 
166 ,  storm,  106,  476 ;  wind,  123,  627, 
659 

Tierra  del  Fucgo  (South  America): 
583 

Tiger  fish :  643 
Tigris  Riser  Ir»»i  :  583, 647 
7  uaf>a:  642.644.649 
Tilapia  keudrloti:  642 
Tilapia  mrlauopleura:  642 
Tilapia  mnstambtea  426,  427,  428,  649. 
651.655 

Tilapm  ri/fu  642 
Tilefish:  <»9 

Tune-velocity  asymmetry :  i66 ;  curve. 
167 

Timnwknk  acid :  356 
Timor  ( lixVmesia )  :  432 
Tin:  214 

Ttutmuiduim  fututhU:  299 
Ttmtmuiduim  primatinm  299 
TnlMmlnu  icuirt/atm:  299 
TtUmnids  300.  301 
7»fiMi>yju  300 
Tuttnuopsu  hwisieiu:  299 
Ti*  Unstop  su  Mrirfca  299 
7  wtua»yni  bmtukln  299 
T utlamofnj  fiHU presm:  300 
Tmtmnofns  rterta :  300 
Tmluuntfiu  fnilrii**:  300 
Tt*  viuj>yju  Imdeni:  300 
Tmlimtoftis  ante:  291,  300 
7iaftM,<fni  pUtrusu  *30 
Twfwv.  yjii  ft-.mms'ki:  W 
Tmliamopsis  stkmlti:  300 
T n,‘iH«yni  nfiksis:  300 
)  »ioi»>f»u  mWrtis.  300 
aratper  300 
T nlwuyru  weaaU  300 
rataiu:  306 
7tsfmuyr>&su  3l» 

Tmftstmus  traaw:  300 
f  uTv  «75. 576 
rub  S?t> 

t’uiv  rriw uMu  5719.  575.  5?5 

,  u1^  (f6r  «U&*  (Muiaitl  575 
7 id.-  retwwUU  57S 

Tltaono. ;  276.  277.  m  2^9,  2*1 
7»rii(»««>fiw  461 
Ton 'Km*  Rivet  1 8rwi)  587 
T«M»  :  226,  232.  233 


Tolerance :  307-308.  429-430,  463,  464, 
465,  467,  469,  470,  471 
Tomales  Bay  (California),  graben:  94 
Tombolos :  95,  128,  223 
Torncod :  591 

Tpndei  (Denmark):  133,  143;  sah 
marsh,  I43-14S 
Tonguefish  •  632 
Topugrsphy :  221-223, 614 
Torodinium  robustum:  297 
Torquigener  Mongut:  6S1 
Torrens  Estuary  (  Australia ) :  127 
Toritmut  dtstaudatas:  501 
Turtanm r  sctocaudahu:  501 
Ttmlopsit:  308 

Toruloptis  nmdida:  307,  308,  309 
Tarulnpsis  tamale  307,  308 
T orulopsu  glabrota .  309 
Torulopris  karmuloub:  308 
T orulfftu  maru:  306 
T urnhiptu  pmtotopetn:  309 
TontSnftis  torrent :  308 
Total  sididt  tnr’cr :  75 
“Tourist  trout" :  624 
T (Kin inline  :  235. 28.1 
Townsville  (Australia)  :  122,  432,  433, 
455,  437 ;  mang.'ovet,  432-437 
Toxitu :  668, 6?S.  677, 679,  691 
Ttrgeuma  caroltneaxij  495 
Tracers,  fluoreteent :  34.  81,  185, 449 
Traekeiocerea:  300 
Trarkelorerta  coluber:  300 
Trathrlorerca  eutxri:  300 
Trsekrtoeefea  pkoestie  optrrus :  300 
TroekeLmosms:  294 
T  rack-.lomouos  rue  Ml  ora :  294 
Ttaekelomouas  "batata:  294 
Trarkrlomoaot  rohttema :  294 
Trackelosiyla  eaudatm:  300 
Tnuktiaityla  prjuulef'wwu:  300 
Trackmohu  blocks:  650 
/  r«,  knot**  cornhnus:  634 
Trofkiuohu  for<atui:  641 
T rue  km  v  In  j(nou  641 
Trm  kmohu  iporeeu. ru  641 
7r«iisnu  latkami:  608 
Tractive  f;>rces :  15* 

Tractive  kinds  :  |6  I 
Tralee  Estuary  ;  .  ifUac  / :  153 
Trim  It  time  (currr.-t  mmamuenl )  : 
83 

Transltri  (Snnh  Africa):  397.  398 
Ttamkri  River  ( South  Africa!  :  397 
Trim p»»t  bsrKa.  467.  468-471 ;  sedi¬ 
ment.  158-178.  185-150.  203.  236, 
453.  466;  sedawrnt.  lowest  velocity, 
158  ;  water.  15-79.  71.  4*7.  ♦»%  450. 
453,  462,  46b.  468.  $82-584.  585-586. 
604.  614 

Trap*  mutant:  681 

Tram  t-U  644.  64$.  653:  brmh  p&. 

653 :  prawn.  644-645.  653 
Travancorv-Oxhin  (iiidinl:  652,  651. 
654. 656 

Trawling  •  590.  6»0.  654 
Treat**,  fishery  613 
TrevnaPalri,  Ureal :  556 
Trent  ( Kr^tand  >  107 
Tuat*  {  Sew  jervry  I  :  671,  67S 
TVrwlenar  M 
TnrsMlaU  651 
Trmeantkui  wnsrsdni  651 
fwwjslmws)  rigid*.  295 
Tnlaarirs  993,  595.  5%.  597,  599 
uai.HO 

<rnrhswridar  64?.  fcM 


Triekiunu:  653 
Triekiunu  glosscdon:  651 
Trithsurui  koumela:  651 
Triekturbi  Upturns :  608, 642 
Triekiunu  mu  turns:  651 
T  riehiurus  savola :  651 
Tiichomycetes:  303 
Trichopelma  sfkagssetorum:  300 
Trichopelma  lorpeut:  300 
Triehosporou  cutourum :  308 
Trigkxnin:  402, 403 
Triueetet  ms eulahu:  609, 610 
Trinidad :  298 

Trinity  River  (Texas) :  115 
Tripton:  584 
Trilaualia  tapoaiea:  681 
Trpfkilia  fluvmtUu:  300 
Trockilta  solum:  300 
Tromsd  ( Norway)  :  64 
Trophic  relations  (See  Food  wefc) 
Tropics:  462,  467,  468,  471,  584. 611 
Trofidotcypkus  octocostata:  29S 
Trout  :  409,  596,  611,  614;  brook.  568; 
sand.  632,  634,  speckled.  626;  spotted 
sea.  41 1 ;  steelhead.  614 
Trurial  Coast  ( Arabia) :  211 
Truueatella  pulekella '  413,  414 
Trygonidar :  641, 649 
Try  go*  Margarita :  641 
Trygtm  postimoea:  641 
Trygoa  t volga:  649 
Trypauckeu  rupssia:  651 
Tryptophan :  369 

Tujljr  River  (Australia):  12S,  128, 

Tuna :  6)1,  616 
Ttmkaies:  430 

TnrbeHarian :  466,  4913.  529,  530;  voi- 
we  regulation,  529 

Turbidity :  155.  375.  378.  4S2.  454,  459. 
461. 463, 464.  470 

Tmdritty  maxam  lSfl.  171-173;  by* 
drodymumc  conditions.  172;  rriatirxs* 
ship  to  salinity,  172 
Turbo:  40! 

Taehu  casUmrus:  49*.  499 
T mrbomilla  mirrrupta:  41  j 
Turbulence:  5.  17-18.  19.  26.  27.  JO. 
32.  33.  38.  39,  45,  285.  312;  469.  470. 
472.  682 ;  isotropic,  a* 

Tursiopi  trumeohu:  595 
Turtles:  585.595.  611 
Turtle  grass :  49b 
Two- layer  exchange :  17-18.  20,  24.  31, 
J6-»  52-53. 65-bfc.  317 
TyrUgjanksur.  500 
T ylasutus  strong yiunu  650 

T  ympanolomut  fwrsfiu  643 
Typ+a  m 

Tipkktekmus  tarns  b$l 
Tjnso  River  t  Norway  i :  dwrtnsrgr  and 
Krisor  utnity.  65 

t  V«  3*6,  3^.401,  556 
(  . «  Muter :  43*.  436, 439,  440 
(  V*  caan  fafa  *36.  440 
(.'«  rrrmmlsta  SJD,  531 
*  V*  dustumtrn  4J4.  43b 
1  ,  •  ivrrnv:  44il 
(  Vi  las  tea  4J4  *36 
IViUritf *mm  440 
fra  amnia  in  457 
t’tapn (fjiafer  549 
IVs  puauas  3k,  471. 571 
(  ronpmu  43* 
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Uca  vocanj:  437 
Udotca  conglutinata:  494 
Ulothrix:  426 
“Ultrahaline"  species :  416 
Viva:  405,  406,  494 
U  mbrina  cirrosa:  642 
Umkomaas  Estuary  (Africa) :  464 
Umzimvubu  River  (South  Africa) : 
397 

Undecanoic  acid :  357 
Underfishing:  600,  613, 615 
United  States:  374,  588,  600,  611,  612, 
613-614,  615,  616,  617;  Atlantic 
Coast,  566,  590,  598,  603;  Eastern 
Coast,  566;  Gulf  Coast,  590,  596, 
603,  604;  Northeast  Coast,  458;  Pa¬ 
cific  Coast,  223,  582,  590;  South  At¬ 
lantic  Coast,  585, 604 
United  States  fishery  nroduction  (Gulf 
of  Mexico)  :  596,  611,  624 
Unsaturated  acids :  355 
Upogebia:  198,  402,  403,  404,  405,  406 
Upogebia  africana:  401,  404,  405 
Upogebia  litoralis:  205 
Upper  Clarion  Coals  (ancient  estu¬ 
arine  sediments)  :  214 
Upper  Estuarine  Series  (Great  Bri¬ 
tain)  :  215,  216 

Uptake  of  dissolved  organic  matter  by 
invertebrates:  367-372:  process,  368; 
rate,  368,  369,  370-371 ;  relation  of 
to  ambient  concentration,  369 
Upwelling:  614 
Urccotus  cyclostnmus:  295 
Urccolus  pascheri:  295 
Urceolus  sabnlosus:  295 
Urea :  376 

Urine  ion  concentrations  ( Flemigrap - 
sus  audits) :  543 
Ur  ole  plus:  300 
Uroleptus  piscis:  300 
Uronetna  filifieum:  300 
Uronema  maflnum:  300 
Urony chia  sellgcra:  300 
Uronychia  transfuga:  300 
Urophycis  chuss:  608 
Urophycis  floridanus:  610,  632 
Urophvcis'regius:  609 
Urosalpinx:  681 

Urosalpinx  ciiterca:  472,  669,  681 
Urostrongylum  caudatum:  300 
Urothne:  406 
Urotricha:  300 
Uroiricha  fare  la:  293,  300 
Urotricha  marina:  300 
Uruguay :  625 

U.S.  Army  Corps  of  Engineers :  671 
U.  S.  Geological  Survey :  584 
U.  S.  Navy:  591,  592 
U.S.S.R. :  454,  615,616 

Vacuolarla:  298 

Vadehavct  (Danish  tidal  region)  :  130, 
131 

Valamugil  caeruleomaciilatus:  650 
Valine,  excretion  of :  363 
Vallisneria :  566 

Value  of  nekton:  610,  611,  612-614, 
615 

Vanadium :  27 6,  277,  278,  279,  281 
Vancouver  Island  (British  Columbia) : 
273 

Varuno,  Iaikc  of  (Italy) :  576 
Varde  Aa  (Denmark),  reed  swamp: 

143 


Variations:  genotypic,  467,  555,  575, 
576 ;  phenotypic,  467,  555,  576 
Vegetation,  influence  of  erosion  on: 
121,  140 

Veligers :  471  , 

Velocity :  related  to  sedimentation,  ero¬ 
sion,  and  transport,  158,  166,  167; 
vertical  circulation  (fjord),  66;  ver¬ 
tical  profiles,  28,  29,  31,  42,  43,’  54, 
55,  56,  60;  vertical  profiles,  influence 
of  surface  wind  stress,  35,  47,  48  ] 
Velocity  change,  influence  of  levees: 
670 

Velocity  shear :  38,  54,  55,  56,  57,  58 
Vembanad  Lake  (India)  :  648  j 
Venezuela:  176,  313;  mangrove 
swamps,  430  f 

Venice  (Italy) :  566 
Venice,  Lagoon  of  (Italy)  :  574,  575, 
576 

Venice  System,  salinity  classification : 
443,  566 

Vera  Cruz  area  (Mexican  coast)  :  298 
Vermicularia  fargoi:  413 
Vermicularia  spirala:  494  * 

Vermiculite:  153,  361,  247;  chlorite 
mixture,  155 

Vermilion  Bay  (Louisiana)  :  623 
Vertically  homogeneous  estuary:  18, 
31-^32,  39-40 

Vertical  migration :  469,  683 

Vesen  (Denmark) :  139 

Victoria  Lake  (Africa)  :  124 

Vidaa  River  (Denmark) :  144 

Vigo  Estuary  (Spain) :  661 

Vigo  River  (Spam) :  155 

Vineyard  Sound  (Massachusetts)  :  337, 

Virgmhf’lH  500,  501,  594,  596,  597, 
599,  602,  603,  615,  616 
Virginia  Institute  of  Marine  Science: 
594 

Virgin  Islands  (West  Indies)  :  565 
Viruses :  460 

Viscosity,  eddy  ( See  Eddy  viscosity) 
Vitamin  Bi»:  312,  341-344;  assay,  341- 
344  i 

Vitamins :  374,  376,  379,  454,  458  j 
Vlieland  (Netherlands) :  662  * 

Volcanic  rock :  226,  231,  273 
Volga  River  (U.S.S.R.) ;  549,  709  i 
Volta  Estuary  (Ghana)  :  639,  640,  642, 
643  ! 

Volta  River  (Ghana)  :  640 
Voltumo  River  (Italy)  :  660  -  * 

Volume,  continuity  of:  19 
Volume  regulation :  527-  530 
Volutin :  295,  296 

Vol  vocales :  292,  300  „  j 

Vomer  setapinnis:  608,  634,  641  *  : 

Vorlicella:  293,  300 
Vorticdla  microstoma:  300 
Vorticcllids :  300  * 

Waccasassa  Bay  (Florida) :  292,  293, 
294,  297,  299 

Waccasassa  Estu-.y  (Florida) :  295, 
296  i 

Wadden  (waddens) :  130,  133,  134, 

1  y>,  138,  139,  140,  141,  142,  144,  167, 
165,  207,  209,  708;  Danish,  130-144, 
374;  sediments,  133,  137-143,  175, 
207-210,  216;  tidal  channel  forma¬ 
tion,  136  ;  • 

Wadden  Zee  (Netherlands):  149,  164, 
167,  169,  170,  175,  207,  208,  209,  210, 


211,  212,  214,  659,  660,  662;  salinity, 
659;  sediments,  175;  sediments,  col¬ 
ored,  248;  suspended  matter.  164, 
169,  170 

Wakasa  Bay  (Japan)  :  239 
Wakefield  River  (Australia)  :  127 
Wales,  west  coast  estuaries :  100 
1  Vallago  allu:  649 
Walleye :  681 
“Waltum” :  439 

Walvis  Bay  (South-West  Africa) : 
'  588 

Warm  Mineral  Springs  (Florida) : 
291,298 

IVarnotvia  polvplicmns:  297 
Wash,  The  (England):  102,  103,  106, 
207,  208,  209 ;  tidal  flats,  209 
Washington,  D.C. :  671 ;  sewage  dis¬ 
posal,  667 

Washington  State,  coast  of :  590 
Washington,  University  of  (Washing¬ 
ton)  :  331,  697 

Waste  disposal  (See  also  Pollution)  : 
329,  602,  658,  667,  670,  675,  677,  679, 
682,  693,  701 
Water  chestnut:  681 
Water  content :  sediments,  254-256,  259 
Water  depth :  126,  623 ;  related  to  ac- 
•  tivity  of  fish,  593,  595,  610,  612,  614 
Water  exchange:  in  sediments,  456- 
457 

Water  level :  effect  of  local  rains,  627 ; 

tidal  effect  in  rivers,  4,  7 
Water  milfoil :  677,  681 
Water  quality,  forecast  by  mathemati¬ 
cal  model :  703 
Waters,  international :  613 
Waters,  territorial :  613,  615,  616 
Watershed  :  377,  447-448,  450,  452,  453, 
462,  463,  587,  667-672 
Water  transport  (Sec  Transport) 

Wav-  action:  106,  121-122,  127,  181, 
400-401,  450,  453,  464,  469,  476,  623; 
local  fetch,  127,  623;  related  to  fau¬ 
nal  distribution,  400-401,  464 
Wave  base :  10 
Wave  energy :  121-122,  185 
Wave  equilibrium  profile  :  181 
Wavency  River  (England) :  103 
Wave  refraction:  122,  124,  126 
Waves:  121-122,  185,  191,  378,  623 
Weakfish :  599,  610,  669;  s|>otted,  625 
Weekiwachec  Spring  (Florida)  :  566 
Weir :  653 ;  trap  fishing,  644 
Welland  Estuary  (England)  :  102 
Wellfleet  (Massachusetts)  :  113 
Wellington  Harbor  (New  Zealand)  : 
511 

Wellington  Lake  (Australia)  :  124 
Welsh  Borderland  (England),  Lower 
Devonian :  211,  21 5 
Wescr  River  (Germany) :  149,  205 
West  Africa:  estuaries,  639-640;  estu¬ 
arine  fishes,  640,  645;  fishing  meth¬ 
ods,  643-644;  fisheries  potential,  645- 
646 

West  Bay  (Louisiana) :  117 
Westchester  County  (New  York) 
trunk  sewers :  701 
West  Crosby  (England) :  101 
West  Indies:  497 

“Wet  cross  section"  of  tidal  gullies: 
162 

Whales:  585,  591,592,  604,611 
Whelk:  404,  405 
Whitebait:  405 
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White  Lake  (Louisiana)  :  626 

Whiting :  625 

Widgeon  gr.  ass :  691 

Willemstad  (Netherlands) :  149 

Wiltshire  (England) :  211 

Wind :  106,  588,  592 

Wind-driven  circulation :  54 

Wind  fetch :  127,  623 

Wind  si.-ss:  30,  34-35,  46,  47,  48,  51. 

54,  56,  58,  60,  61 
Wingland  (England)  :  102 
Wire  grass :  691 
Wisconsin  glaciation:  112,  115 
Wolf  Bay  (Mississippi) :  222 
Woods  Hole  (Massachusetts) :  75,  76, 
292,  312,  330.  337,  338.  339,  343,  549 
Woods  Hole  Harbor  (Massachusetts)  : 
318 

Woods  Hole  Oceanographic  Institution 
<  Massachusetts)  :  343 
Woolwich  Reach  (England)  :  105 
World  fishing:  611,  615-616 
World  ocean :  582-584,  586.  616 
World  War  II:  603,  613 
"Worm  rock”:  624 
Worms :  208,  209 

Wurm-Weichscl  glaciation:  123,  129, 
130 

Wychwood  Beds  (channel  limestone)  : 
211  — - 

Xanthid  mud  crabs:  473,  477 
Xiugu  River  (Brazil)  :  587 
,Y iphopcncus  kroycri:  625 
Xiphophorus:  534 

Xiphophorus  hellcri:  423,  425,  428,  429 
X-ray  analysis  of  sediments:  150,  152, 
268 

X  ylocarpus  auslralasiciim :  437,  439 
X  ylocarpus  granatum:  432,  437,  440 


Yaquina  Bay  (Oregon)  :  226-238;  cli¬ 
matic  controls.  228-229,  236-237 ; 
deposition,  environments  of,  231-236 ; 
deposition,  fluctuations  in,  236,  237; 
deposition,  realms  of,  230-231,  236; 
hydrography,  227-229 ;  physiography, 
226-227;  sediments,  229-238;  sedi¬ 
ments,  heavy  mineral  profile,  232, 
234,  235 ;  sediment,  sources,  236 
Yaquina  Estuary  (Oregon):  226,  228, 
232 

Yaquina  Head  (Oregon) ;  226,  236 
Yaquina  River  (Oregon) :  226,  235, 
236,  237 

Yarborough  Pass  (Texas) ;  408,  409 
Yare  (England)  ;  105 
Yarc  River  (England) :  103 
Yarmouth  (England) ;  103 
Yeast:  301,  30&-309,  459,  460;  quanti¬ 
tative  distribution  in  natural  waters, 
306;  salt  tolerance,  308;  species  from 
intestinal  contents  of  gulls  and  terns, 
309 ;  species  in  estuaries,  307 ;  spe¬ 
cies  in  sewage  and  estuaries,  308 
Yellow  grains :  230,  231,  2.54 
Yellow  River  (China)  :  116 
Yield  of  fish,  sustainable :  600,  602- 
603,  612,  613;  per  hectare,  596,  599- 
600,  602 

Yield  of  fish  and  phytoplankton  per 
acre :  595-596,  599-600,  602 
Yields,  agricultural,  compared  to  fish: 
600 

Voldia  limatula:  266 
York  River  (Virginia)  :  4,  501,  502, 
593,  595,  604-611,  679;  turbidity 
maximum,  172 

Yttrium:  276,  277,  278,  279,  281 
Yucatan  (Mexico)  :  630 


Yucatan  Channel :  583 
Yucatan  Peninsula  (Mexico)  :  611 
Yukon  River  (Alaska)  :  582 

Zalcrion  clslla:  304 
Zalcrion  marilima:  304 
Zambesi  River  ( Angola-Northern  Rho¬ 
desia  ) :  583,  647 

Zeeland  (Netherlands)  :  149,  660;  oys¬ 
ter  industry,  674 
Zinc :  276,  277,  279,  280,  281,  679 
Zrcorium :  276,  277,  278,  279,  281 
Zonaria:  405 

Zonation:  324,401,488,499 
Zoofiagellata  (zooflagdlatcs)  :  298,  300, 
301 

Zooplankton :  316,  319,  379,  385,  386, 
389,  406,  430,  453,  454,  500-514,  591, 
598,  600,  640,  647,  648,  659 ;  competi¬ 
tion,  324,  505-506;  ecological  classi¬ 
fication  of  major  Entomostraca  spe¬ 
cies,  501 ;  intrageneric  relationships, 
503,  574  ;  maintenance  of  a  “native” 
population,  324;  minor  element  con¬ 
centrations  in  ash,  279,  280;  preda¬ 
tion,  325 ;  seasonal  abundance,  East 
Coast  estuaries,  500 ;  seasonal  cycle, 
323-325  ;  temperature  and  salinity  re¬ 
lations,  323-324 

Zooplankton  grazing:  source  of  dis- 
so  ved  organic  substances,  366 
Zoothatnnium:  300 

Zoslcra:  374,  378,  381,  402,  403,  404, 
405,  406,  453,  458,  461,  462,  464,  591 
Zoslcra  marina:  201,  374,  473 
Zoslcra  nana:  201 

Zuider  Zee  (Netherlands)  :  149,  659, 
660,  667,  673 
Zygomycetes :  303 


COPY 


